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In the opinion of many students of diastrophism, world-wide 
leformative movements tend toward periodicity in the very nature 
of the case; more or less oscillation between relatively active and 
quiescent stages would arise without any special aid from accessory 
agencies. But in the natural order of things secondary movements 
often spring from the primary actions and abet them. It is the 


purpose of this note to call attention to a specific form of secondary 


action by which the oscillations between the active phases of 
deformation and the intervening quiescent stages are accentuated 
and the periodicity of major diastrophism emphasized. 

When world-wide diastrophism follows a period of general 
base-leveling and wide sea-transgression the diastrophic movement 
is logically regarded as springing from accumulated earth-stresses 
of such a nature as to give rise to relative downward movements 
of the sub-oceanic segments and relative upward movements in 
the continents in spite of whatever burden of epicontinental waters 
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the latter may bear. The spontaneous transfer of the epiconti 
nental waters to the ocean basins, thereby unloading the continents 
and further loading the basins, adds force to the diastrophic pr 
cess and constitutes a specific example of self-instituted promoti 
of periodicity. The periodicity is emphasized because this acti: 
tends to push the diastrophic movements beyond what wou 
otherwise have been their limits, and this results in an enhanc: 
degree of easement of the original body-stresses and by so doi! 
more effectively prepares the way for a new period of quiescen: 
base-leveling, and sea-transgression. 

This will become quite clear by following in detail the histor 
of a typical case, if the interpretation is guided by that phase of th: 
doctrine of periodic diastrophism which is specifically appropriat 
to a solid elastico-rigid earth. In strict consistency with su 
an earth isostatic readjustments are assumed to take place by 
wedging and not by undertow beneath a floating crust. This 
type of isostatic adjustment is analogous to the familiar balancing o! 
weight against weight on a pair of scales and is clearly distinguish 
able in mode, though not in principle, from the more common 
concept of flotation which has for its analogue the hydrometer. 

1. Let it be assumed that the continental platforms, including 
the sea shelves, occupy one-third of the earth’s surface and the 
true ocean basins—neglecting the continental shelves—the remain- 
ing two-thirds. For a typical stage from which to start let it be 
supposed that as the result of a general diastrophic movement the 
oceans have recently been withdrawn into the abysmal basins so 
that the whole surface of the continental platforms, including the 
continental shelves, shall have become land and the terrace edge 
of the shelf shall coincide with the oceanic shore line. Some such 
condition seems to have been realized in late Tertiary times. To 
add concreteness let the mean measure of continental protrusion 
above the lowered sea-level, including the shelf depth, be goo m. 
and the mean abysmal depth 5,000 m. 

2. Now let a typical period of relative freedom from general 
diastrophic movement ensue. Such relatively quiescent periods 
are implied by general base-leveling and wide sea-transgression. 


Their periodic recurrence seems to be substantiated by the great 
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vermantlings of large fractions of the face of the continents by 
irine deposits in Ordovician, Silurian, Cretaceous, Eocene, and 
ther periods. Without such relatively static periods general base- 
veling seems impossible. Theoretically such periods are assign- 
ble to previous effective easement of all differential stresses of the 
igher order. Such easement is really implied in the emergent state 
the continents and the reciprocal depressed state of the great 
isins just assumed as the first stage in the case we are following. 

3. During this relatively quiescent period let the normal pro- 
esses of denudation and deposition follow their inevitable courses, 
nloading the continents and loading the ocean basins, while the 
ea slowly encroaches upon the borders of the continental platforms 
intil, let us say, 30 per cent or 4o per cent of the surface of the 
ontinental platforms is overlipped by the thin edges of the oceans. 
{mong the incidents of this period the following may be noted: 

a) In the early stages the bordering belts of the continents, 
is a rule, suffered greater relative unloading than the interiors 

because they had been most affected, on the average, by the pre- 
ceding diastrophism, and their drainage gradients were higher than 
those of the more remote interior and the denudation more rapid, 
while the direct action of the cutting edge of the sea added its 
effects. : 

b) Later in the period, as the sea crept forward over the widen- 
ing shelf and gave rise to the deposition of top-set beds upon the 
surface of the shelf, the weight of these deposits compensated in 
some measure for the previous unloading, while the rise of the sea- 
level itself, due to the sediment carried into the oceans, added some 
further compensation by an increasing burden of sea-water. 

c) The mechanical sediments from the land, beside lodging on 
the sea-shelf as top-set beds, accumulated predominantly around 
the shelf-edge as fore-set beds, while subordinately they were carried 
farther out to sea and settled widely over the ocean bottom. 

d) The solvent material was at first distributed by currents 
and diffusion with approximate uniformity throughout the oceanic 
waters, but later a part of it was extracted by organic and other 
agencies and deposited wherever chance overtook it, often far from 
its point of origin on the continent. 
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It is worth observing that the highly carbonated state of th 




































abysmal and polar waters of the present subglacial period leads to 
a large measure of solution of the calcareous relics that fall fron 
the pelagic plankton toward the abysmal depths, and this greatly 
limits current oceanic deposits; but this specially solvent state oi! 
the abysmal waters probably did not obtain during the mild climates 
typical of times of wide sea-transgression. Hence a wider and 
thicker abysmal deposit may be postulated for those times. 

4. Now at a critical stage of this progress when 30 per cent or 
40 per cent of the surface of the continental platforms had become 
covered by the transgressing shelf-seas, let it be assumed that the 
loading and unloading had developed sufficient differential stresses 
in the earth-body to start easement movements by the depression 
of the weighted suboceanic segments on the one hand and the 
relative elevation of the denuded continental segments on the other. 
These reciprocal movements would be followed by a flow of water 
from the rising continental shelves to the sinking ocean basins. 
This shift of burden from one side of the equation to the other 
would tend to intensify the diastrophic movement. If this new 
emergence returns to a stage comparable with that assumed at the 
outset, all the water-burden upon the sea-shelf, a matter of per- 
haps 300 lbs. or so per square inch, averaged for the whole shelf 
area, will have been transferred in this unrestrained way to the 
abysmal basins, where it will be an added burden of equal value, 
though much more widely and uniformly distributed. In more 
general terms this may amount to a mean unburdening of the 
continental area, considered as a whole, to the extent of about 50 
lbs. per square inch and a simultaneous mean loading of the whole 
oceanic area of about 25 lbs. per square inch. 

A concurrent enhancement of effect will arise from the ease 
with which the rock mantle accumulated during the base-leveling 
stage—as well as the soft sediments on the face of the sea-shelf 
will be eroded and carried down to the borders of the depressed 
ocean as the continental elevation advances. 

It thus appears that such a general diastrophic movement, in 
the course of its own normal line of action, brings into play an easy 
and prompt shifting of load of a special type that tends to acceler- 




































DIASTROPHISM AND THE FORMATIVE PROCESSES — 197 


ite the primary movement and give it a cumulative value. This 
tends to push the movement to a maximum the better to prepare 
the way for a new quiescent period. 

Such cumulative periodicity, both primary and enhanced, seems 
not only consistent with a solid elastic earth but an inevitable 
consequence of the elastic rigidity of such an earth. As already 
remarked, the normal mode of isostatic adjustment in such an earth 
is thought to be wedging action in the form of movements on the 
part of its constituent tapering prisms, conical, pyramidal, or 
otherwise, in response to the varying stresses imposed on them. 
Facilities for such movements are presumed to be provided by 
vertical schistosity developed in the tracts where the differential 
stresses are greatest, and by the very stresses that actuate the deep 
diastrophic movements. So originated they should reach to what- 
ever depths may be seriously affected by differential stresses of 
an order requiring readjustment. No undertow in a hypothetical 
mobile substratum is necessarily involved and none is postulated. 

The weighted parts wedge down and the unloaded parts are wedged 
up until the differential gravitative stresses are essentially equated 
and an isostatic state reached. Movement in a rigid earth of 
course is not presumed to take place until stresses have accumulated 
to a degree adequate to force it and hence the relatively quiescent 
stages. The quiescent stages occupied in such stress-accumulation 
are interpreted as constituting the periods marked by base-leveling 
and sea-transgression, appropriate conditions for which are thus ' 
provided. General isostatic readjustments are of course interpreted 
as synonymous with general diastrophic movements and so are 
regarded as equally periodic. As the present epoch has been pre- 
ceded by great diastrophic movements, the earth body is presum- 
ably now in a stage of approximate isostatic adjustment, as 


implied by geodetic evidences. 
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PART I 
Two contrasted theories of coral ree{s.—As the coral-reef problem 
stands at present, consideration may be given chiefly to Darwin’s 


theory of intermittent subsidence and to the new glacial-control 


theory as presented by Daly; for the latter seems according to 
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Vaughan’s latest statement to include the essential features of his 
theory of submerged platforms. All other theories are excluded 
because they fail to take account of the submergence by which the 
central islands or continental masses within barrier reefs have gained 
their embayed shore lines while the reefs grew up around them; 
by which fringing reefs and many elevated reefs have gained their 
unconformable contact with the eroded slopes that they rest upon; 
and by which, therefore, the formation of atolls also has probably 
been controlled. Hence it is desirable to examine with especial 
care the fundamental postulates and processes and the essential 
consequences of the two surviving theories with the object of 
making unprejudiced choice between them. Let it be noted, 
however, that while certain essential postulates of the two theories 
are mutually contradictory and while the conditions involved in 
them are very unlike, the processes of the two theories are by no 
means mutually exclusive; they may work together. This is 
particularly true regarding the intermittent subsidences and 
occasional uplifts of Darwin’s theory and the climatic oscillations 
of ocean-level of the glacial-control theory; their combined action 
deserves careful consideration as affording a closer approach to 
the conditions under which reefs have been formed than is provided 
by Darwin’s theory alone; and herein lies, to my mind, the chief 
value of the glacial-control theory. It is therefore unfortunate 
that so much emphasis has been placed in the latest presentation 
of the glacial-control theory upon the fundamental postulate of 
long-continued stability of the earth’s crust in those large parts of 
the Pacific and Indian oceans that are characterized by atolls, and 
upon the secondary postulate that the submergence during which 
reef upgrowth has taken place in those regions is due wholly to 
the postglacial rise of the ocean surface by about 240 feet; for 
the newest theory of coral reefs is thereby brought into unnecessary 
opposition to Darwin’s theory. 

It is my desire to make the following discussion as objective 
and impartial as possible, and to exclude from it all suggestion of 
the ‘“‘warfare of scientific theories’? which some of my contempora- 
ries seem to think is necessarily involved in the competitive search 
for the true explanation of a scientific problem; for it happens 
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curiously enough that, of the very few persons in this country 
who are now actively interested in the coral-reef problem, the two { 
Professor Daly and myself—who are especially concerned in the ) 
present discussion are long-time friends, present-day colleagues, 
and next-door neighbors. We have the same object in view, 
although our judgments differ as to the weight to be attached to 
various factors of our problem. We believe that our common 
object will be best reached through the open exposition of the 
many considerations that guide our opinions; and I for my part 
should be well satisfied if the competent critics who have admired 
the ingenuity with which Daly has set forth the possibilities of the 
glacial-control theory and who have been impressed by the strength 
that it has gained through his earnest advocacy should find in the 
following pages a fair comparison of its possibilities with those of 
Darwin’s theory. 

Plan of discussion.—The plan of discussion is as follows: The 
chief postulates of the two theories regarding subsidence and 
stability will first be examined in order to make clear the strong 
contrasts between them. The reef structures consequent upon 
the postulates and processes of the two theories will then be deduced 
in order to discover the nature of the evidence that each theory 
demands for its support. Brief consideration will be given to the 
possible destruction of coral reefs during the glacial period as 
assumed by the glacial-control theory, with special attention to the 
evidence from Hawaii, Tahiti, and Murea; the conclusion is thus 
reached that reefs as a rule survived the epochs of glacial cooling, 
and hence that preglacial reefs were not abraded by the glacial 
ocean. The flatness of atoll-lagoon floors and the similarity of 
their depths will next be examined in order to learn whether the 
explanation of these features demands the truncation of pre- 
glacial islands by the waves of the lowered glacial ocean or whether 
they may be accounted for by aggradation during intermittent 
subsidence; the bearings of the exterior profile and the volume of 
existing reefs on the same question will also be inquired into; all 
with the result of showing that stability of reef foundations is not 
essential in accounting for these features, because they can also 


be accounted for as a result of subsidence. The submarine banks 
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wr so-called “drowned atolls’ of the coral seas are next reviewed, 
first as to the necessity of abrasion instead of aggradation for 
their production and secondly as to the probability of their having 
stood still, as preglacial volcanic islands, long enough to be worn 
down and more or less abraded instead of having suffered intermit- 
tent subsidence. Both of these questions are answered in favor of 
Darwin’s theory; thus these banks give less evidence for the 
glacial-control theory than has been claimed for them. Extra- 
tropical banks, where abrasion is attested by the clift shores of 
the residual islands, are then compared with the banks of the 
coral seas, where abrasion is hypothetical: it thus appears probable 
that the lowering of the ocean during the glacial period was much 
less than 4o fathoms. 
The general result of the discussion is that the long-enduring 
stability of reef foundations and the abrasion of reefs and islands 
by the chilled and lowered ocean of the glacial period are, to say the 
least, extremely improbable; and therefore that coral reefs are 
better explained by subsidence and aggradation than by stability 
and abrasion; and further that subsidence of considerable amounts 
has probably combined with changes of ocean-level of small amounts 
in determining the conditions under which the sea-level reefs of 
today have been formed. 
Intermittent subsidence as postulated in Darwin’s theory.—The 
degree of opposition between the two theories here to be discussed 
may be learned by citing a number of pertinent passages from the 
original expositions by their authors. Darwin found warrant for 
the postulate of subsidence in his geological researches, which gave 
“every reason for believing that there are now large areas gradually 
sinking, in the same manner as others are rising. . . . . When we 
consider how many parts of the surface of the globe have been 
elevated within recent geological epochs, we must admit that there i 
have been subsidences on a corresponding scale, for otherwise the 
whole globe would have swollen (Structure and Origin of Coral 
Reefs, 1842, p. 95). Since the voyage of the “Beagle” a larger 
knowledge of the earth’s history has been gained, as a result of 
' Additional citations from Darwin’s Structure and Origin of Coral Reefs will be 


given by page numbers only 
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which some geologists have doubted the occurrence of important 
subsidences in the ocean beds during later geological times; but 
Darwin’s opinion is re-enforced by the conclusions reached by 
other geologists: for example, Schuchert has recently summarized 
the results of his study of a large oceanic region as follows: “The 
entire western half of the Pacific bottom, and especially the Aus 
tralasian region, appears to be as mobile as any of the continents 
of the Northern Hemisphere, with the difference that the sum oi 
the continental movements is upward, while that of the ocea 
bottom is downward.’* Additional re-enforcement is found in 
Crampton’s conclusions based on the study of land snails in the 
Society Islands: ‘“*The evidence tends to prove that the dominant 
process in the South Pacific has been one of subsidence, which 
has progressively isolated various mountain ranges previously 
connected, so that they have become separate island masses, 
which in their turn have been subsequently converted into the 
disconnected islands of the several groups.’” In view of these 
conclusions, independently reached by researches of different kinds, 
it is to my reading unwarranted to assume “‘a long period of nearly 
perfect stability for the general ocean floor.”” Such an assumption 
fully deserves provisional consideration as an abstract possibility, 
but it does not merit the rank of an accepted postulate from which 
a long sequence of consequences can be safely deduced. 

Darwin’s views as to the manner in which subsidence acted 
deserve attention. He first pointed out that the existence of 
many widely separated reefs is “‘quite inexplicable, excepting on 
the theory that the bases on which the reefs first became attached 
slowly and successively sank beneath the level of the sea, whilst 
the corals continued to grow upward” (98); but on the next page 
two variations are introduced: first, by recognizing possible 
changes of rate of subsidence in the phrase, “‘as the island sinks 
down, either a few feet at a time or quite insensibly,”’ and 
secondly, by adverting to the probable occurrence of still-stand 

C. Schuchert, “The Problem of Continental Fracturing and Disastrophism in 
Oceanica,” Amer. Jour. Sci., XLII (1916), 91-105; see p. 105. 


H. E. Crampton, “Studies in the Variation Distribution, and Evolution of the 


Genus Partula * Carnegie Institution of Washington, 1916, p. 12. 
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pauses in the phrase, ‘“‘the lagoon channel will be deeper or shal- 
lower, in proportion to. . . . the accumulation of sediment 

Iso, to the rate of subsidence and the length of the intervening 
tationary periods.” He later distinguished the consequences 
of recent and of ancient subsidences, and thus recognized that 
they need not be everywhere contemporaneous, illustrating the 
first case by the island of Vanikoro, in the Santa Cruz group of 
the Western Pacific, where “the unusual depth of the channel 
lagoon] between the shore and the [barrier] reef, the almost entire 
absence of islands on the reef, its wall-like structure on the inner 
side, and the small quantity of low alluvial land at the foot of the 
mountains |in the encircled island}, all seem to show that this 
island has not remained long at its present level, with the lagoon 
channel subjected to the accumulation of sediments, and the reef to 
the wear and tear of the breakers’’; and then illustrating the 
second case by certain members of the Society group, “where 
the shoalness of the lagoon channels round some of the islands, 
the number of islets formed on the reefs of others, and the broad 
belt of low land at the foot of the mountains indicate that, although 
there must have been great subsidence to have produced the 
barrier reefs, there has since elapsed a long stationary period” 
(128). Outgrowth during a supposed stationary period was called 
upon to explain the broad reefs of Christmas atoll, in the Central 
Pacific (74), and of Diego Garcia, in the Indian Ocean (70); and 
the widened phase of reef development resulting from the trans- 
formation of a narrow young reef into a mature reef plain during 
a time of no sinking was clearly foreshadowed in the statement 
that ‘‘an old fringing reef, which had extended itself a little on 
a basis of its own formation, would hardly be distinguished from 
a barrier reef, produced by a small amount of subsidence, and 
with its lagoon channel nearly filled up with sediment during a long 
stationary period”’ (102). 

To these well-considered statements another was soon added, 
for the conclusion to which Darwin was finally led was that “the 
islands in the Low Archipelago [Paumotus} have, like the Society 
Islands, remained at a stationary level for a long period; and this 
is probably the ordinary course of events, subsidence supervening 
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after long intervals of rest’? (130). Because of the frequent S 
repetition of this conception we might well speak of Darwin's 

“theory of intermittent subsidence,” and not simply of the “‘theory | 
of subsidence.” This is well warranted by a striking passag: 
in which it is suggested that atoll reefs ““would present a totally 
different appearance from what they do now” if they had long 
remained stationary, and that “some renovating agency (namely 
subsidence) comes into play at intervals, and perpetuates their 
original structure”’ (31). 

Insufficient attention has been given to intermittent subsidence 
as the basis of Darwin’s theory, though he often alluded toit. He 
considered the possibility that an atoll might “be carried down 
by a more rapid movement .. . . after a subsidence of = 
very slow nature” (104); and he wrote of “progressive subsidences, 
perhaps at some periods more rapid than at others” (107); of 
“repeated subsidences’”’ in the supposed development of the 
Maldives (110); of groups of atolls growing upward “at each 
sinking of the land”’ (126); and he clearly recognized the possibility 
of subsidence at a faster rate than reef upgrowth, not only in the 
account of certain submarine banks which he interpreted as sub- 
merged atolls, but also in a rarely quoted explanation of certain 
fringing reefs. On the first point he wrote: ‘There is nothing 
improbable in the death . . . . from the subsidence being great 
or sudden, of the corals on the whole, or on portions of some 
of the atolls” (108); also tha. “‘through further subsidence and 
with the accumulation of sediment, modified by the force of 
ocean currents,” drowned atolls might “pass into level banks 
with scarcely any distinguishing character” (114). On the second 
point the following important statement is made: “If during 
the prolonged subsidence of a shore, coral reefs grow for the first 
time on it, or if an old barrier reef were destroyed and submerged 
and new reefs became attached to the land, these would necessarily 
at first belong to the fringing class” (124). Such fringing reefs 
should be regarded as of a new generation; examples of them 
will be given in the next section. The possibility of intermittent 
elevation as well as intermittent subsidence was also recognized 


by Darwin (145, 146); and mention is made of “elevation having 
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succeeded subsidence” in the Friendly or Tonga group, and of 
subsidence having probably succeeded recent elevation” in the 
Harvey or Cook group (140). Finally Darwin expressed the general 
pinion: “It has already been shown (and it is, perhaps, the most 
nteresting conclusion in this volume) that the movements [of 
ubsidence] must either have been uniform and exceedingly slow, 
1 have been effected by small steps, separated from each other by 
ong intervals of time” (145). 

Structural features of reefs formed during subsidence.—The 
ormation of coral reefs along recently uplifted coasts or around 
young volcanoes is improbable, because the loose detritus which 
prevails on the shore belts of such coasts is unfavorable to coral 














Fic. 1.—Structure of coral reef formed around a volcanic island by subsidence 


growth. In the absence of reefs, coasts of these kinds will, while 
their slopes are dissected by streams, be attacked and cut back 
by the sea, except where the deltas of large rivers are built forward; 
as long as no change of level takes place, beach detritus will be 
spread along the shore and reef growth will be prevented. But if 
subsidence occurs, the dissected coast will be embayed; detritus 
will then be held in the embayments and reef growth may begin 
on the rocky headlands or on bare ledges off shore. The longer 
the subsidence continues at a moderate rate the thicker the reefs 
will become. The essential structural features of reefs thus formed 
around a volcanic island are represented in Fig. 1, in which UVU 
is the initial cone, formed by eruption, with sea-level at S,, and 
UWU is the dissected and clift cone at the time when subsidence 
begins; 7T represents the ring of detritus swept off shore. Re- 
union, a clift and almost reefless island in the Indian Ocean, repre- 
sents this stage. 


* See “Clift Islands in the Coral Seas,” Proc. Nat. Acad. Sci., II (1916), 284-88. 
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Reef A, formed when the island has subsided so. that sea-level 
is S,, is a barrier of moderate thickness; the cliffs, F, previously 
cut, are not yet wholly submerged and the embayments are small! 
Tahiti, the largest of the Society Islands, is clift and encircled by 
reefs which are, I believe, of this kind; the submergence that 
prompted their formation might at first thought be ascribed to a 
rise of sea-level due to climatic change or to an upheaval of the 
ocean bottom elsewhere while Tahiti stood still; but in that cas¢ 
neighboring islands should show similar features, and as they d 
not the submergence of Tahiti as well as of its neighbors is reason 
ably ascribed chiefly to subsidence. 

Reef B’ is an unconformable fringe formed after greater sub 
sidence rapidly accomplished; it surrounds the eroded and embayed 
coast of a well-dissected, but not clift, island; and it surmounts the 
previously formed reef, which is now a submarine bank; such a 
fringe should therefore be taken to represent a young reef of a new 
generation formed after a rapid subsidence had drowned a pre- 
viously formed barrier reef in the manner suggested by Darwin. 
Palawan, the southwesternmost of the Philippines, has a strongly 
embayed western coast fronted by a broad, submerged bank, but 
practically without fringing reefs even around its tapering, non- 
clift, spur ends; thus it seems to have recently and rapidly sub- 
merged. Fauro, a small and greatly eroded volcanic island in the 
Solomon group, seems to have an unconformable fringing reef 
like B’; the submarine bank has depths of from 50 to 70 fathoms, 


and has a width of several miles; discontinuous reefs rise on parts 


of its margin, but seldom reach the surface of the sea. The 
granitic islands of the Seychelles have similar fringing reefs of a 
second generation. As the depth of the Fauro bank is greater than 
the climatic changes of level during the glacial period, as the amount 
of erosion that the volcanic mass has suffered below present sea- 
level appears to be much greater than could have been accomplished 
during the lower stands of the ocean in the glacial period, and as 
neighboring islands do not present similar features, the opportunity 
for the formation of the Fauro fringe above the submerged bank 
must be ascribed chiefly to local subsidence. 
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Reef C, with sea-level at S., on the left side of the diagram is 
| barrier of greater thickness as a result of greater subsidence; its 
agoon is of greater breadth than that of reef A or B’, and the 
mbayments of its central island are strongly developed. Detrital 
eltas unconformably fill the embayment heads, and fringing 
eefs grow unconformably around the intervening spur ends. 
Borabora in the Society Islands has a barrier reef essentially of 
his kind, in which the surviving central mountain is greatly 
educed from its initial form, and in which wide embayments enter 
etween outspread spurs; the amount of subaérial erosion that 
ust have taken place below present sea-level in order to reduce 
n initial cone to the existing mountainous form of this island is, 
in my judgment, far greater, both in depth and in volume, than 


ould have been accomplished during the glacial epochs of lowered 1 
sea-level; hence the submergence inferred for this island should be : 


iscribed chiefly to subsidence. 

If a pause occurred during the subsidence by which reef C was 
formed, so that sea-level remained at S, for a considerable period, 
the reef would grow outward on its own talus—this process having 
been distinctly recognized by Darwin, though it is usually credited 
to Murray: at the same time the lagoon would be shoaled or 
filled and thus a narrow young reef would be converted into a 
mature reef plain. Yap, in the Caroline Islands of the North 
Pacific, has a reef plain one or two miles in width interrupted by 
transverse channels, but without a lagoon proper. 

Reef D is an almost-atoll, in which only two small central 
volcanic knobs remain above water in the center of a broad and 
relatively shallow lagoon. Truk (Hogoleu), in the Caroline Islands, 
and the Gambier Islands, southeast of the Paumotus, represent 
this stage. Maré, one of the Loyalty Islands, north of New 
Caledonia, was formerly an atoll in which a small volcanic knob 


was just submerged in the lagoon waters; the atoll is now elevated 





so that the broad lagoon plain, about 20 miles in diameter with the 
low volcanic knob near its center, stands 200 feet above sea-level and 


the reef rim rises some 50 feet higher. The knob has a gentle slope 


and shows no signs of clifis, hence it cannot be regarded as a 
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residual stack surmounting a platform of marine abrasion; it is 
of dense volcanic rock, hence it probably represents a well-denuded 
volcanic summit on which the surrounding lagoon limestones rest 
unconformably. If the buried volcanic slope be such as prevails 
in the dissected islands of the Fiji group, the thickness of th 
Maré reef at the margin must be 5,000 feet or more. The volum 
of limestone thus accumulated is truly formidable; but if th 
theory of subsidence be proved correct on other grounds, we ca! 
hardly object to it because it involves large quantities. 

Reef E is a true atoll, like Funafuti, in which no volcanic centra 
knob is to be seen. The upgrowing reef is here shown as slanting 
more and more inward, the longer its exterior talus becomes, for 
reasons that I have elsewhere set forth." So long as an atoll 
remains at sea-level it is impossible to determine whether its 
structure accords with the demands of Darwin’s theory or of any 
other theory. Penetration of its structure by boring is difficult; 
the boring at Funafuti, 1,114 feet deep, was made on the marginal 
reef; it is shown in true proportion to the diameter of the atoll by 
the vertical line at E” a boring near the lagoon center would, 
according to the subsidence theory, have been much more likely 
to reach a volcanic foundation; and such a boring at Bermuda 
reached volcanic rock at a depth of 245 feet below sea-level and 
penetrated it for 1,033 feet farther: several such borings would be 
needed to demonstrate the form of the buried volcanic mass, as is 
further noted below. 

If a long stationary period should supervene in the history of 
an atoll, its lagoon would be gradually filled and converted into 
what may be called an atoll plain; if such an atoll plain should sud- 
denly subside, narrow young reefs would grow up from its surface 
in such a manner as to suggest the independent origin of the two 
forms. . In so far as the Maldives offer examples of this kind their 

‘Extinguished and Resurgent Coral Reefs,” Proc. Nat. Acad. Sci., IL (1916), 
pp. 466-71 

\s drawn in Fig. 1, the boring passes from the true reef into the lagoon deposits, 
because the upgrowth of the reef is here inclined inward; if the boring had penetrated 
such a reef as C, it would have remained for its whole depth in the reef proper; if it 


had penetrated a horizontal or outslanting reef, like the lower part of reef C, it 


would have passed through the reef into the underlying talus deposits. 
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explanation by the subsidence theory evidently demands precisely 
the “ordinary course of events” postulated by Darwin, namely, 
subsidence after a long interval of rest. But let it be at once added 
that the glacial-control theory here supplements Darwin’s theory 
in an effective manner by calling attention to the glacial oscillations 
of ocean-level, for a lowering of the ocean surface combined with 

subsidence of reef foundations will produce the equivalent of a 
“stationary period,” and a later rise of ocean-level combined with 
mtinued subsidence will cause an unusually rapid submergence; 


hus the apparent discontinuity of origin between a submerged 
toll plain and the narrow young reefs that surmount it finds an 
xplanation that is especially applicable to postglacial time. This 
spect of the problem is referred to again below. 

If sudden submergence, such as that which separated the 
mation of reefs A and B’, take place after the formation of atoll E, 
ts upgrowth will not be continued; it then becomes a drowned 
toll, of which Chagos bank in the Southern Indian Ocean, and the 
Macclesfield bank in the China Sea, may be examples. But it 
is singular that no banks of this kind are known with a greater 
lepth than 60 or 70 fathoms; this aspect of the problem is especially 
considered in later sections. 

In all the reefs shown in section in Fig. 1, three different struc- 
tures are to be distinguished: first, the reef proper, composed in 
part of coral and other shallow-water organisms in place, as well 
as of disorderly masses of coral and much fine detritus; second, 
the exterior talus, pitching steeply to deep water and composed of 
coarse and fine detritus obliquely stratified, including a mixture of 
down-washed shallow-water organisms with others that lived at 
greater depths; and third, the interior lagoon deposits, horizontally 
stratified and composed chiefly of inwashed organic detritus from 
the reef, of outwashed inorganic detritus from the island, in 
decreasing quantity upward, and of locally supplied organic 
deposits; but the lagoon deposits may also include corals in place, 
representing reef patches and pillars in the lagoon as well as belts of 
fringing reef along the inner margin. 

The reef proper, composed, at least in part, of corals in place, is, 


as Darwin saw (118), a comparatively small fraction of the total 


















210 W. M. DAVIS 





threefold structure of a large barrier reef. It is perhaps for this 
reason that corals in place are rather seldom seen in elevated ree! 
certainly they should not be expected in the exterior talus slope . 
a recently uplifted reef. The steep-pitching beds of the exteri: 
talus may rest on the less steeply inclined strata of volcanic detritt 
as in reefs A and C; or on the horizontal lagoon beds of a drowns 
reef as in reef B’; or exceptionally on an eroded volcanic slope : 
in reef B’’, where the contact should be strongly unconformable. 

The horizontal beds of the lagoon limestones must, on approach 
ing the central island, overlie the earlier-formed fringing reefs « 
the spur ends and the detrital deltas of the embayments; and th 
fringing reefs and deltas must in all cases rest unconformably or 
the eroded slopes of their foundation. This is an important 
structural consequence of Darwin’s theory which has been very 
generally overlooked; it is well supported by many facts. The 
inner margin of the lagoon deposits, including the fringing reefs 
and the deltas, must follow a sinuous line, because as subsidence 
progresses the dissected volcanic slope must necessarily, as Dana 
showed, but as Darwin did not understand, have an embayed 
shore.’ 

All of these features should be found in elevated reefs when they 
are dissected sufficiently to expose their structure. Among them 
all none is more important than the unconformity of the lagoon 
deposits on their eroded foundation, although mention has seldom 
been made of this significant structural feature in studies of coral 
reefs; for if the foundation is a slope of subaérial erosion—not a 
platform and cliff of marine abrasion—it must have stood above 
sea-level to suffer erosion before it was submerged to permit the 
formation of the unconformable and now elevated reef; and if the 
sloping surface of contact suffered a greater volume of erosion 
before the reef was formed upon it than could have taken place 
during the glacial epochs of lowered sea-level, or if it exceeds 240 
feet in vertical measure, its submergence should not be ascribed 
wholly to the postglacial rise of the ocean, but at least in part to 
subsidence. A vertical measure of more than 600 feet is represented 


See Dana’s “Confirmation of Darwin’s Theory of Coral Reefs,” Amer. Jour. 


Sci., XXXV (1913), 173-88 
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in the unconformable contact of an elevated and much dissected 

reef on its sloping volcanic foundation in the island of Vanua 

\{balavu of the Fiji group;' hence subsidence there seems undoubt- 
ile. 

Moreover, if three unconformable elevated reefs, B’, B’’’, B’’, 
tand in terraced arrangement, the sea-level being at S., it is by 

) means necessarily the case that they were formed during pauses 
the elevation of their foundation, as has often been supposed; 
their unconformity shows that a period of erosion followed by 
ubmergence must have taken place before emergence; hence the 
eefs may have been formed during pauses in submergence. If their 
tructure is such as is shown in Fig. 1, B’’”’ being superposed on the 
pper surface of B’ and apposed on the front slope of B’’, then the 
west reef must have been formed during an early pause in sub- 
nergence, the highest reef at the climax of submergence, and the 
niddle reef during a pause in emergence. If the changes of level 
thus indicated are of greater measure than 250 feet and are 
unlike on neighboring islands, they must be ascribed chiefly to 
local subsidence and upheaval and not to changes of the ocean 
surface around still-standing islands. 

The structural relations of elevated reefs have seldom been 
observed in sufficient detail to determine the sequence of their 
formation; some unconformable terraced reefs that I examined 
mn the island of Efate, New Hebrides, of which the highest was 
about 800 feet above sea-level, seemed to be superposed on one 
another, suggesting that they were formed during pauses in sub- 
sidence and afterward elevated. 

It is not, however, only for elevated reefs that the test of 
unconformable contacts is of service. Many sea-level fringing 
reefs, occurring either at the inner border of barrier-reef lagoons, or 
alone fronting the ocean, have manifestly unconformable contacts 
with the eroded rocks of the coast that they border. This is 
repeatedly the case with the fringing reefs of volcanic islands, and it 
is even more clearly the case with the fringing reefs on coasts of 
deformed and eroded continental rocks, like those of New Caledonia, 
Queensland, and elsewhere. Wherever the volume of erosion 


« “The Origin of Certain Fiji Atolls,’’ Proc. Nat. Acad. Sci., Il (1916), 471-75. 
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below sea-level necessary to explain such contacts is greater than 
could have been accomplished during the glacial epochs of lowered 
sea-level, and wherever the depth of such erosion as indicated b 
the inclosing slopes of the drowned valley embayments is great: 

than 240 feet, or 40 fathoms, the submergence there involv: 

cannot be explained by the postglacial rise of ocean-level, and 
local subsidence must be called on to account for the additional 
submergence, unless, indeed, the additional submergence is ascribed 
to a general rise of ocean-level due to recent uplifting of som: 
other part of the sea bottom; but the combination of these tw 
uniform changes of level would produce the same submergenc: 
on still-standing islands everywhere; whereas the sea-level and 
elevated reefs of the Pacific archipelagoes call for submergences 
varying in amount, date, and place, and alternating with emergences 
in varying order, thus producing a complication of changing levels 
that cannot be accounted for without local uplifts and subsidences 
such as Darwin’s theory of coral reefs postulates. Thus at the 
outset of our inquiry the observed structures of sea-level and of 
elevated reefs appear to correspond very well with the hypo- 
thetical structures deduced from the theory of intermittent sub- 
sidence. 

Prolonged crustal stability as postulated in the glacial-control 
theory.—In view of the citations from Darwin’s book given above 
it seems fair to regard his theory of intermittent subsidence as 
adaptable to many different conditions, some of which are veri- 
fied by the examples already adduced; not that every quoted 
opinion is correct, but that the careful consideration given to the 
different aspects of the fundamental postulate of subsidence shows 
that it was carefully examined, and that the theory which is based 
upon it is so elastic that it can accommodate a large variety of 
conditions and processes. Darwin’s theory is in this respect 
strongly unlike the glacial-control theory, which is narrowly limited 
in its fundamental assumption of a “long period of nearly perfect 
stability for the general ocean floor,” or, in other words, a “ general 
crustal stability in the coral sea’’; not that its processes require 
this narrow limitation for their operation, but that certain observed 
features, namely, the nearly level surface of submarine banks and 
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atoll-lagoon floors occurring at similar depths are thought to 
emand the narrow limitation of general stability for their 
yroduction. 

It is true that the fullest exposition of the glacial-control theory 

mtains certain statements which admit the exceptional occurrence 
‘i subsidence, such as: “ The glacial-control theory fully recognizes 
hat there has been Recent crustal warping in certain oceanic areas 
fected by coral reefs’ (160°); and “perfect crustal stability in 
the intertropical zone during the Recent and Pleistocene periods 
s obviously not implied in the glacial-control theory”’ (222); but 
it also contains many statements of an opposite tenor which relegate 
subsidence to an insignificant position in the coral-reef problem. 
For example: 

Most of the reef platforms, like many banks situated outside the coral seas, 
1ave such forms, dimensions, and relations to the sea-level that they appear to 
lave originated during a long period of nearly perfect stability for the general 
cean floor. That is a conclusidn forced upon the writer by close study of the 
narine charts. Its validity is a matter quite independent of the glacial- 
control theory . . Submarine topography [of lagoons and banks] seems 
impossible of explanation without assuming crustal quiet beneath most of the 


leep sea during at least the later Tertiary and Quaternary periods [162]. 


Large preglacial volcanic islands are assumed to have stood still 
long enough to have been “‘peneplained and deeply decayed before 
the glacial period’ (182). The preglacial degradation of such 
islands and their abrasion at normal sea-level, partly in preglacial 
time during temporary failures of reef protection, partly by the 
chilled and lower waters of the glacial ocean, demand 


much of the later Tertiary as well as the Pleistocene period, and thus during 
several million years the relation of sea bottom and sea surface was not sig- 
nificantly changed. However, such crustal stability is necessarily postulated 
only for the parts of the coral seas where broad platforms, about 75 m. below 
sea-level, are now found. For those areas the assumption of prolonged crustal 
stability, except for minute oscillations, seems absolutely unescapable. All 
theories of coral reefs must recognize i a . The presence of a wide shelf 
or bench [lagoon floor ?], a few tens of meters below sea-level, really represents 
1 criterion for crustal stability during the later geological periods, generally 
including at least the time since the mid-Pliocene. The existence of the broad 

References to Daly’s paper, “‘The Glacial-Control Theory of Coral Reefs,” 


Pr lmer. Acad., LI (1915), 157-251, will be made by page number only. 
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plateaus [submarine banks, here assumed to be the product of abrasion during 
the glacial period], their accordant relation at present sea-level, and the impossi 
bility of explaining them by any cause other than prolonged marine action [o1 
still-standing preglacial islands of similar area], are the supreme facts empha 
sized in this paper. The weakest element in the subsidence theory is its failure 


to take account of them [221, 222}. 


Even in regions where Tertiary deformation is recognized, post 
Tertiary subsidence is doubted, if not excluded. For example: 

New Caledonia and the Fiji Archipelago are generally regarded as located 

in a region of continental fragmentation. During the Tertiary period the 
eastern part of the Australasian continent was much faulted and otherwis« 
deformed; the already dissected region sank beneath the sea and many valley 
bottoms became covered with water, scores or hundreds of meters in depth 
‘ Some bays of central islands [within barrier reefs] in the Western Pacific 
are explained [by Dana and others] by the sinking of those islands. However, 
the dating of that subsidence is not yet established and the actual bays may 
be due to the Pleistocene cleaning out of unconsolidated sediments which had 
been deposited in valleys, drowned during the Tertiary fragmentation of the 
Australasiatic continent. ... . . A similar explanation [of bays by subsidence] 
cannot be admitted for most of the coral archipelagoes. These lie outside of 
the Fiji-New Caledonia area [224, 226] 
As to the implication in the last sentence that the embayments of 
reef-encircled volcanic islands in the Caroline and Society groups 
should not be explained by subsidence, I shall at this time only 
express my dissent fromit. The object of the present paragraphs is 
to emphasize the contrast between the elasticity of the fundamental 
postulate of intermittent subsidence in Darwin’s theory and the 
rigidity of the fundamental postulate of widespread and prolonged 
crustal stability in the glacial-control theory. Inquiry will be 
made later into the necessity of such contrast. 

Possible subsidence of volcanic islands.—There is another aspect 
of the contrast between the two theories here under discussion that 
merits special consideration. This is the relation of many coral 
reefs to volcanic islands that rise from the deep ocean floor far from 
any continent; for it is generally agreed in all theories of coral 
reefs that even the foundations of atolls, where no volcanic rocks 
are visible, nevertheless consist of submarine volcanic cones and 
thus resemble the foundations of pelagic barrier and fringing reefs, 


where the volcanic cone is partly emerged. Darwin's theory of 
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coral reefs postulated an intermittent subsidence of the reef founda- 
tions; and, as the theory seemed true to its inventor, he based a 
second theory regarding the movement of the ocean floor upon the 
first, as will be further shown in the final section of this article. It 
is particularly to this oceanic corollary of the coral-reef theory that 
ybjection is made in the statement of the glacial-control theory on 
the ground of its supposed improbability. That theory therefore 
postulates ‘‘a long period of nearly perfect stability for the general 
ocean floor’; and the action of subsidence is made subordinate if 
not excluded. Yet it must be clear that any slow and intermittent 
process of local subsidence associated with volcanic cones will serve 
the needs of Darwin’s theory just as well as a broad subsidence 
of the ocean floor; and in giving only a small value to such subsi- 
dence the glacial-control theory has, in my opinion, overlooked a 
very important factor of the problem. 

It is true that there is a large body of older geological opinion 
that regards volcanic areas as areas of elevation and hence objects 
to a theory of coral reefs that postulates the subsidence of such 
areas. Thus Guppy asserted that the occurrence of barrier reefs 
and atolls in association with active volcanoes placed “the sup- 
porters of the theory of subsidence in a dilemma.’* Hickson was 
persuaded that Passiac atoll, north of Celebes, could not have been 
built on a subsiding foundation, because an active volcano, Ruang, 
rises near by.2. Murray had earlier made a more extreme state- 
ment; he thought that even extinct volcanoes occupy areas of 
elevation, and that, if areas of subsidence occur in the ocean floor, 
they must lie between the ranges of volcanic islands. 

There is, on the other hand, a considerable body of more modern 
and better-based opinion which associates volcanic activity, in 
some cases at least, with subsidence, as I shall elsewhere show in 
more detail, and as will here be pointed out for Hawaii in a later 
paragraph. It is immaterial to reef-building corals whether the 

H. B. Guppy, “A Criticism of the Theory of Subsidence as Affecting Coral Reefs,” 
Scot. Geogr. Mag., IV (1888), 121-37; see p. 136. 

2S. J. Hickson, A Naturalist in North Celebes (London, 1889), p. 42. 

sJ. Murray, “‘On the Structure and Origin of Coral Reefs and Islands,” Proc. 
Roy. Soc. Edinb., X (1880), 505-18; see p. 5106. 
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subsidence which gives them opportunity for upgrowth is locally 
associated with their volcanic foundation or is broadly manifested 
over large oceanic areas. In so far, however, as subsidence is 
associated with volcanic cones it is interesting to note that, as ; 
result of the construction of many volcanic islands by long 
continued eruptions through parts of Tertiary and later time, and 
as a further result of reef upgrowth upon such islands when the, 
subside after their eruptive growth ceases, the ocean would be 
somewhat raised above the level that it had before the eruptions 
began; and thus the objection sometimes urged that the theory oi 
subsidence is inconsistent with the prevalence of embayed conti- 
nental coasts would be removed. 

In support of the possibility of the local subsidence of volcanic 
reef foundations attention may be called to two recent articles 
One is by Molengraaff," in which the subsidence of an oceanic 
volcanic cone is causally connected with the elevation of its heavy 
lavas from a lower to a higher position, whereby the equilibrium 
of the ocean-floor crust is disturbed. It should be noted that 
oceanic volcanoes are more likely to cause isostatic subsidence than 
continental volcanoes, because the erupted materials of the latter 
are worn down and distributed far and wide in a relatively short 
geological period, while the materials of the former remain upon 
the site of their eruption indefinitely; indeed, instead of suffering 
loss by erosion, oceanic volcanoes enjoy a gain of volume by the 
addition of coral reefs if they stand in the warmer oceans, and it 
would therefore seem that the addition of a large volume of reef 
limestone to an oceanic cone would increase its tendency to subside.’ 
The atoll stage of reef development may therefore be a late phase 
in a normal series of changes. It is not, however, intended to 
state that changes in the ocean bottom take place only in con- 
nection with volcanic islands; there is abundant evidence to the 
contrary. 

The other article here to be cited in favor of the sub- 
sidence of volcanic islands is Daly’s exposition of the glacial- 

G. A. F. Molengraaff, ‘“‘Het Probleem der Koraaleilanden en de Isostasie,” 
Proc. k. Akad. Wet. Amsterdam, XXV (1916), 215-31 
Che Subsidence of Volcanic Islands,”’ Proc. Nat. Acad. Sci., Ul 
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control theory, above cited, in which the following views are 
expressed : 

Nearly all of the oceanic islands and shoals seem to be of volcanic origin. 
Rising from a sea bottom 3,000 m. to 7,000 m. deep each volcano is very high 

absolute measure and is also of notable area. The local extravasation of so 
uch lava may well entail local, moderate sinking of the earth’s crust. It is 
deed possible that such sinking is very often caused directly by volcanic 
tion on a large scale. . . . . Possibly, therefore, some of the drowned valleys 
nd other physiographic features showing submergence of volcanic islands are 
o be explained by local sinking to the extent of a few meters or a few scores 
meters [233]. 

This appears to me a very reasonable statement of the case, 
‘xcept in the limitation of the resulting subsidence to “‘a few scores 
of meters,”’ that is, to only 1 or 2 per cent of the total altitude of a 
volcanic island that rises 2,000 meters over an ocean that is 6,000 
meters deep. If the subsidence be causally associated with the 
change of attitude of the huge volume of lavas required to build a 
high volcanic island, a subsidence amounting to 10 or 20 per cent 
of the total height of the cone—that is, 1,000 or 2,000 meters— 
does not seem incredible. According to Molengraaff subsidence 
amounting to roo per cent of the total altitude of a volcanic island, 
measured from sea bottom up, is to be expected. However this 
may be, the possibility that the volcanic foundation of a coral reef 
may locally subside must greatly weaken the chain of arguments 
which go to prove that ‘‘the submarine physiography [of certain 
atolls| spells crustal stability rather than unrest,”’ and hence that 
subsidence cannot have played an important part in atoll formation. 

Structural features of reefs formed according to the glacial-control 
theory.—The different classes of reefs, fringing, barrier, and atoll, 
are derived from each other, according to the theory of intermittent 
subsidence, as illustrated in Fig. 1 (p. 205); they are formed inde- 
pendently according to the glacial-control theory; and, as atolls are 
the most abundant and therefore receive chief consideration in 
Daly’s discussion, their structural features will be first examined 
here. They are in essence as follows: A preglacial volcanic island, 
UV, Fig. 2 (drawn on a larger scale than Fig. 1), is reduced, partly 
by subaérial erosion, partly by abrasion, during a long period of 
quiescence to an island of low relief, U’W, while a bank, UB’, is 
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formed around it of detrital deposits, 7’, in which coral reefs may 
be included. The ocean is then lowered about 40 fathoms from S 
to S, during the glacial epochs of the glacial period, and the deeply 
weathered island is reduced by abrasion to a platform, B’ XZ 
The exposition of the glacial-control theory does not attempt t: 
analyze the effects of alternating glacial and interglacial epochs 
but assumes an almost continual action of abrasion, as is implied in 
the statement, ‘The sea was actively attacking the islands and 
continental coasts throughout nearly the whole glacial period ”’ (180) 
Such continuity of abrasion seems doubtful, in view of the greater 
length and probably higher temperature of the last interglacial 
epoch than of postglacial time; it is also questionable whether 
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Fic. 2.—Structure of an atoll 


abrasion would be accomplished at the same level during successive 
epochs of glaciation; but I shall not pursue these details as the main 
question is sufficiently complicated without them. 

Let it be provisionally agreed, therefore, that abrasion was 
essentially continuous at one level; then the completely abraded 
platform must gain the form of a flat cone, the exterior part of which 
consists of a new ring of detritus, 7”’. If a central remnant of a 
large island remains unconsumed, it should be rimmed with cliffs: 
but the residual granitic island of Mahé in the center of the vast 
Seychelles bank in the southern Indian Ocean is not cliff rimmed. 
If a preglacial island, 50 miles in diameter, be completely abraded, 
the platform may well be 20 fathoms deeper at its margin, B”’, 
than at its center, Z. When the ocean warms and rises in post- 
glacial time and a reef, R, grows up on the platform margin, the 
exterior detrital slope, 7’, is slightly extended, and the lagoon is 
aggraded sufficiently (vertical lines) by the addition of horizontally 
stratified detritus, deposited unconformably upon the truncated 
volcanic rocks, to change the platform from a flat cone to a shallow 
saucer, ROO; or if, for any reason, the reef is not built up, the 
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platform remains as a more or less aggraded and nearly level 
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submarine bank. 

The structures thus inferred are definite enough to establish the 
theory that accounts for them, if their existence be assured; but 
as only the form and the surface constituents of atolls and submarine 
banks are known, the theory which involves the undemonstrated 
existence of abraded platforms remains uncertain. The boring at 
Funafuti, the depth of which was about five times the difference 
if level assumed between S, and S,, Fig. 2, should have penetrated 
the detrital deposits, 7’’7’, below the reef proper, if that atoll were 
ormed in the manner here stated; it might have penetrated vol- 
canic rocks also, as the section is here drawn, but no such rocks were 
‘eached. According to the theory of subsidence the boring might 
have penetrated true reef structure, or a combination of reef, 
lagoon, and talus structures, for its entire depth, as above noted. 
Some of the experts who have examined the rock core think that 
the boring was altogether in true reef-rock of shallow-water for- 
mation, some are noncommittal, some think it was mostly in talus 
deposits. Discrimination is doubtless difficult; but the evidence 
given by the absence of deep-water organisms from the boring is 
significant. A boring of similar depth in the lagoon center would 
have penetrated an abraded platform of volcanic rocks, if such a 
platform exists there; but several borings, all encountering volcanic 
rocks at the same moderate depth of about 40 fathoms, would be 
necessary to demonstrate that the rock surface had the form of a 
platform. 

The uniform postglacial rise of the ocean suggests that all 
existing reefs should be of similar volume above their abraded 
foundation; a later section is devoted to this point. The belief 
that the flatness of the floors of atoll lagoons and of submarine 
banks and the similarity of their depths can be explained only by 
their having almost flat platforms of uniform depth as foundations 
will also be examined later in some detail. Evidently, if atolls that 
had been formed according to the glacial-control theory were suffi- 
ciently elevated and dissected, the flat platform would be revealed 
if it existed; also this possibility is briefly considered in a later 


paragraph. 
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The glacial-control theory was framed chiefly to account for 
atolls; barrier reefs receive less attention, but their formation 
appears to be conceived as follows: Let a volcano, VU, Fig. 3a or 4, 
of less ancient origin than those which were reduced to low relief 
in preglacial time, be submaturely or maturely dissected at the 
beginning of the glacial period, so that its spurs, W PU, are separated 
by radial valleys, WGU, while an alluvial delta-belt, UD, lying on 
a bank of wave-washed detritus, B’, with more or less coral in it, 
surrounds the non-embayed shores. Fig. 3a represents conditions 
which will result in producing a narrow-lagoon barrier reef in post- 
glacial time; Fig. 4 those which will result in producing a wide- 
lagoon barrier reef. [According to my own view this statement 
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Fics. 3a (above) and 3) (below).—Structure of a barrier reef, showing conditions 


which will result in producing a narrow-lagoon barrier reef in postglacial time. 


should be modified by excluding preglacial reef growth around the 
stationary island, for reasons stated in connection with the struc- 
tural features of reefs formed during subsidence, and by adding a 
less or greater amount of preglacial abrasion, producing a rock 
platform, UL, Fig. ‘36, back of which the island spurs would be 
truncated in clifis, LF, and outside of which a detrital bank, UB’, 
would be accumulated. | 

As a result of the lowering and cooling of the glacial ocean, the 
valleys, WGU, are deepened to GC, Fig. 3a or 4, and widened as 
much as the duration of lowered sea-level allows; at the same time a 
marginal platform, B’’C, is cut down and built out about 40 fathoms 
below normal sea-level; but the retrogressive abrasion of the plat- 
form is supposed to go only so far as to cut small cliffs, C, in the 


resistant lavas of the volcanic island. Later, as a result of the 
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rising and warming of the postglacial ocean, a reef, R, is built up 
m the platform margin, inclosing a lagoon, the inner shore line 
of which will [if no preglacial clifis were cut, and if the low cliff, C, 
abraded during the glacial period, is submerged] be characterized 
by tapering spur-end points, PU, between embayed valley mouths, 
UY. The present depth of the lagoon, decreased by postglacial 
ggradation (vertical lines), must be less than the rock-bottom 
lepth of 40 fathoms. 

In assuming that the spur ends will not be clift, this outline 
eems to me erroneous for two reasons: first, because the time 
equired to reduce large preglacial islands to the broad platforms 
hat are assumed to underlie the floors of large atolls and submarine 
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Fic. 4.—Structure of a barrier reef, showing conditions which will result in 


producing a wide-lagoon barrier reef in postglacial time. 
banks, as in Fig. 2, ought to suffice for the cutting of strong spur-end 
cliffs, like A.V, Fig. 3b, around the shores of younger and higher 
islands, particularly around such islands as today have narrow- 
lagoon barrier reefs, or only fringing reefs, like Rarotonga; secondly, 
because the time required to widen the deepened valleys, GC, by 
the slow process of weathering the resistant lavas on their sides so 
that they shall form embayments with the observed width of half 
a mile or more when the ocean resumes its normal level, ought 
surely to suffice for the cutting of strong spur-end cliffs. Whether 
these clifis, AV, should be cut back of the inferred preglacial cliff, 
LF, is an uncertain matter; if so, the spurs today should terminate 
in steep and well-defined cliff faces, but this is rarely the case, as 
will be further shown in a later section; if not, a shallow rock plat- 
form, L, should front the weathered and battered preglacial clifis, 
LF; but platforms so situated are unknown. 
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This aspect of the problem deserves special consideration i: 


‘ 


connection with ‘“‘almost-atolls,”” or large reef-inclosed lagoons 
having one or more small and steep-sided, yet not clift, volcani 
islands near their center, XY, Fig. 4, as in the great reefs o 
Truk (Hogoleu), in the Caroline Islands, and of the Gambie 
Islands, southeast of the Paumotus, previously mentioned. A 
careful examination of the problem shows that it is difficuit, if not 
impossible, to develop steep slopes on a small, non-clift centra 
island without the aid of subsidence. The residual knob, X’, of : 
large, still-standing volcano would be surrounded in preglacial time 
by a broad-lowland, U’Y’, or by a shallow wave-cut platform, 
LU’, worn on volcanic rocks, outside of which would lie a broad 
exterior bank. If surrounded by a lowland, the lower slope, Y’ 
of the residual knob, X’, would today be of gentle declivity, unless 
its borders were clift by abrasion during the glacial period; but 
as small central islands do not possess spur-end cliffs, L’, with 
submerged bases, this possibility is excluded. If such islands were 
formerly surrounded by a preglacial wave-cut platform, L’’U”’, 
some part of the platform should today remain as a shoal in the inner 
part of the lagoon inside of the cliff, A’’, cut by the lowered ocean 
particularly within the polygon marked by the several residual 
islands of Truk—for it is not to be supposed that abrasion by the 
lowered glacial ocean should just suffice to cut away all the pre- 
glacial platform; but residual platforms of this kind are unknown. 
None of these difficulties arises under the theory of intermittent 
subsidence. 

Hence the actual features associated with barrier reefs cannot be 
matched by the features deduced from the theory of glacial control 
unless neither preglacial nor glacial cliffing of the spur ends on non- 
subsiding islands takes place to any great extent. This seems to me 
highly improbable; hence I am led to conclude that as a rule high 
volcanic islands, even if clift in their earlier history, had already 
subsided sufficiently in preglacial time to drown their cliffs and to 
allow the formation of barrier reefs before the ocean was chilled 
and lowered; and that, except along the margin of the coral zone, 
the flanks of the reefs, which emerged while the ocean was lowered 
and chilled, were occupied by living organisms of some kind so that 
the islands were continuously protected from wave attack. This 
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spect of the problem has been dealt with more fully in some of my 
irlier papers and is further treated in later sections of this article. 

Barrier reefs and their lagoon deposits, if formed under the 

onditions and processes of the glacial-control theory, should, when 
ufficiently elevated and dissected, be found to lie unconformably 
vith small thickness, not on a slope of subaérial erosion, but on an 
braded platform, the outer part of which truncates a series of 
nclined detrital deposits, while the inner part truncates a series 
f volcanic rocks and is limited by an ancient sea cliff, more or less 
veathered. But it should be noted that if such a reef were elevated 
ong enough ago to have been well dissected, its formation could 
10t have been of postglacial date; it must have been either pre- 
glacial or interglacial; if interglacial, then the continuity of abrasion 
through the glacial period is disproved; if preglacial, the reef should 
not rest on an abraded platform, but should constitute (on the 
supposition that no subsidence took place during its formation) a 
conformable member of the exterior detrital deposits, the lowest 
member of which should lie conformably upon a non-eroded volcanic 
slope. 

The elevated and greatly dissected reefs of Vanua Mbalavu, in 
eastern Fiji, the best examples of their kind that I have seen, do not 
fulfil any of these conditions; their limestones lie on slopes of 
subaérial erosion, the vertical measure of which is, as already noted, 
much greater than the greatest possible change of ocean-level during 
the glacial period; whatever the date of formation of these reefs, 
the occurrence of subsidence before or during their formation seems 
to me demonstrated.t A single example of this kind cannot, 
however, have great general value; further exploration and 
investigation of other elevated reefs must be made with the con- 
siderations above outlined in mind before this phase of the problem 
can be far advanced. Abundant.opportunity for such investigation 
is offered by the Philippines, Pelew, New Hebrides, Solomon, and 
other island groups, where the unconformable contact of elevated 
reefs with their eroded foundations is implied by the incomplete 
records now available. 


‘The Origin of Certain Fiji Atolls,” Proc. Nat. Acad. Sci., If (1916), 471 
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| To be continued | 













SANTO DOMINGAN PALEONTOLOGICAL 
EXPLORATIONS 


CARLOTTA J. MAURY 
Hastings-on-Hudson, New York 


In the early seventies, forty-four years ago, Professor William 
Gabb published the results of his topographical and paleontological 
explorations in Santo Domingo." 

Since that time no paleontological researches have been mack 
on the island until the writer’s expedition up the Yaqui Valley in 
1916. Fully illustrated and detailed accounts of the latter have 
been published in Bulletins of American Paleontology;? but a 
comparative and historical sketch of the subject and a statement 
of the present status of our knowledge may perhaps be deemed of 
interest 

Before the time of Gabb, in 1849 and 1850, paleontological 
collections had been made by Colonel Heneken, of the British 
army. This gentleman, who was the pioneer, was stationed for a 
time at the fort at Monte Cristi, and his interest was awakened by 
finding the exquisitely preserved fossil shells at various places up 
the valley of the Rio Yaqui and its southern tributaries. In the 
interval between revolutions and military duties he obtained two 
collections of fossils which he sent with explanatory notes to the 
Geological Society of London. For many years the fossils were 
kept in the rooms of that Society; but lately they have been 
handed over to the natural-history division of the British Museum. 

The shells Heneken collected were described by Sowerby, and 
interesting deductions on their relationships and affinities were 
written by Moore. Both Moore and Sowerby were quick to see 
their resemblance to the fossils of Dax in the Bordelais region of 

‘ William Gabb, Trans. Amer. Phil. Soc., XV (1873). 


Santo Domingo Type Sections and Fossils,’”’ Bull. Amer. Pal., V, No. 29 


March-April, 191 251 pp., 39 pls.; No. 30 (May, 1017), 45 pp., 3 pls 


24 

















SANTO DOMINGAN PALEONTOLOGICAL EXPLORATIONS 225 


France, and pronounced them of Miocene age." They raised the 
juestion, of late years also set forth by Dall, whether more than one 
mation was represented. They called attention to the resem- 
ance of certain of the fossils to the recent deep-sea and Pacific 
rms. Indeed, the brief article of Moore shows a highly philo- 
phic interpretation of the data. Later, in 1872, Dr. Guppy 
Trinidad, on a trip to London, reopened the Heneken collection, 
iade a number of excellent illustrations, and described some of the 
vecimens which further study had showed to be new.’ 

Gabb agreed with these pioneers in assigning a Miocene age to 
he fossils from the Yaqui Valley, but emphatically denied the 
ossibility that more than one formation was represented, coin- 
iding in this with Heneken. Gabb regarded the entire valley as 
nade up of fossiliferous beds of late Miocene time. The belief 
that this constituted a stratigraphic unit led him to disregard 
entirely localities and zones in collecting, and his otherwise fine 
ollections are very seriously marred by having been labeled solely: 
“Miocene, Santo Domingo.” 

Our 1916 expedition was undertaken with the express object of 
determining the exact stratigraphic sequence. The party con- 
sisted of the writer, Mr. Karl Paterson Schmidt, and Mr. Axel 
Olsson. Despite the dangers of the revolution led by Desiderio 
Arias, we succeeded in collecting over four hundred species of 
molluscs, many corals, bryozoa, foraminifera, echinoderms, and 
crustacea. The molluscs are at present in the museum of Cornell 
University, while all the other groups were presented to the United 
States National Museum in recognition of the very kind assistance 
given by Dr. Vaughan and his associates in identifying them for 
us. About a third of the molluscs were new species, and, as prac- 
tically none of Gabb’s species had been figured, every effort was 
made to illustrate all the species as beautifully and accurately as 
possible, more than five hundred and eight figures being given in 
the writer’s report in the Bullelins of Paleentslogy. 

As a result of these faunal studies and of the very careful 
sections obtained along the various rivers where the fossiliferous 

‘See Quart. Jour. Geol. Soc., London, 1850, 1853 
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beds were found, I believe that three formations" are represent« 
named from their characteristic fossils and given in ascending 
order: the Orthaulax inornatus, the A phera islacolonis, and t! 
Sconsia laevigata formations. The Orthaulax horizon is approxi- 
mately equivalent to the Rupelian of Europe, ties up with the Tam; 
silex beds of Florida, and is Oligocene. The A phera horizon is t! 
Upper Aquitanian of Europe, which is Lower Miocene, and is 
linked with the marls of the Chipola River, Florida. The Scons: 
horizon is the Burdigalian of Europe, which is Middle Miocene an 


is synchronous with the Oak Grove sands and the cross-bedde 


Alum Bluff beds’ of Florida. 

In closing the Oligocene with the Rupelian we agree with th 
European geologists. In this country custom varies, certain ver) 
prominent geologists continuing the Oligocene farther up becaus« 
of the absence of any conclusive stratigraphic break. According to 
the latter view no Miocene is present in the Antilles, because it is 
thought that they were so highly elevated during that period that 
the materials deposited lie now out at sea. 

There seems, however, to the writer no necessity for postulating 
this great change of level, and the supposition that Oligocene time 
in the Antilles passed on into Miocene with continuous sedimenta- 
tion appears more probable. 

In connection with this question of Miocene versus Oligocene 
age, the discovery by Dr. Sellards, director of the Florida Survey, 
of Miocene vertebrates in Florida is illuminating. Our conclusions 
of the Miocene age of the Aphera formation in Santo Domingo 
and through it of the Alum Bluff cross-bedded sands and the 
sands of Oak Grove were made independently of Dr. Sellards’ 
results, with which they harmonize. 

Looking back to early Miocene times we may picture to our- 
selves an arm of the sea running east and west in the northern 
part of Santo Domingo and occupying what is now the valley of 
the Rio Yaqui. In the shallow waters was a rich molluscan fauna, 
solitary and compound corals were common, crabs of various 
genera and hermit crabs lurked about, bryozoa incrusted the 

* See Correlation Table, Bull. Amer. Pal., No. 30, 1917 


2 See the writer’s drawn section, Bull Amer. Pal., No. 15 (1902), p. 57. 
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kweeds. A marked feature was the local distribution, certain 
ssemblages being limited to certain coves. Univalves far out- 
mbered bivalves. The genera Terebra, Conus, Drillia, Cythara, 
ncellaria, Oliva, Marginella, Mitra, Strombina, Murex, Cypraea, 
rombus, Cerithium, Pyramidella, and Turbonilla abounded. 
mong the bivalves was a profusion of Arcas, while the genera 
ima, Pecten, Cardium, Protocardia, Chione, Petricola, Tellina, 


d Corbula were represented by many beautiful forms. Lignitic 
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ds, gravels, and clays were being deposited. As the Middle 





iocene was ushered in the change of conditions began first to be 
t by the sensitive corals, then the sluggish molluscs were affected 






| a large proportion of them ceased to exist and were replaced 
different forms. Members of the Myrtle, Laurel, and Mimosa 
nilies grew upon the neighboring shores, with a number of woods 






new species not known from elsewhere. 
The Pacific element in the fauna of the Yaqui Valley is very 
irked in some cases. This fact that the .nearest living allies 


d apparent descendants of certain of the fossil species are now 









the west coast or in the Gulf of California might seem to indicate 






Oligocene age of the deposits. But if we regard sedimentation 





s proceeding uninterruptedly, there is no reason why the species 





iy not have lived on in the Antilles for some time and not suffered 






nmediate extinction. Moreover, Dr. Vaughan has been led to 





suggest from the evidence gathered from fossil corals of the Cali- 





ornian region that a trans-Isthmian passage may have existed 






ter than Oligocene time. This appears strengthened by Professor 
Harris’ observations of the Pacific and Gulf of Californian affinities ‘ 
the Miocene molluscan fauna of the Galveston deep well. Our 
\ntillean Miocene is, however, entirely distinct from the deep- ‘ 
well Miocene faunas of Texas and Louisiana, nor has it any resem- 






blance to the cold-water Chesapeake Miocene of Maryland and 





Virginia 
Certain of the fossils of the Yaqui Valley most closely resemble 





species now living in the deep sea. Undoubtedly, however, the 





fossils were shallow water in habit of life because their associates 





ull conclusively prove this, even the foraminifera being all genera 
now characteristic of shallow waters. Thus indications are 
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furnished of a considerable number of migrations since Mid- 


Tertiary time from the shallows to the depths, and an illustration 


is given of one mode of derivation of the abyssal faunas. 

The vanished land of ‘“‘Antillia” delights the imagination. It 
has taken form under the bold and able pen of Bailey Willis, who 
represents it as at one time joined to Yucatan and at another to 
Florida. Investigations of the fossil invertebrates and compariso1 
of the land molluscs of Central America with those of Sant 
Domingo may give more probability to this ancient land. A 
present we only know definitely that the fossil fauna of the Yaqu 
Valley of Santo Domingo is most closely allied to that of Bowden 
Jamaica, and also has affinities with the island faunas of Cumana 
Trinidad, and Martinique and with the Isthmian fauna of Gatun 

















BLOCK FAULTING IN THE KLAMATH LAKES REGION 


DOUGLAS WILSON JOHNSON 
Columbia University, New York 


In the summer of 1915 the writer gathered some physiographic 
lata of more than ordinary interest concerning block mountains 
in the Klamath Lakes region of Oregon; but because the data were 
based on hasty observations, he hesitated to publish them without 
further verification. The following winter, learning that Dr. G. K. 
Gilbert planned to visit parts of the Great Basin, I placed my notes 
it his disposal in the hope that he might verify the essential 
iccuracy of some of my more hasty deductions. This he has done, 
and I make bold to place my observations on record. In doing so 
I apologize for the incompleteness of the data, but trust that the 
importance of the features observed will compensate in some 
measure for the paucity of description. I desire to express my 
ippreciation of Dr. Gilbert’s courtesy in permitting me to quote 
his confirmation of my general conclusions, and at the same time 
to acquit him of any responsibility for possible errors in the follow- 
ing statements. The region discussed is shown on the Ashland 
and Klamath topographic quadrangles of Oregon. 

On emerging from the narrower portion of Anna Creek valley 
and entering the broadly open northern end of the Klamath Lakes 
basin, the observer is at once impressed with the topographic 
indications of block faulting. On the west is the east-facing scarp 
of the Cascade Mountains, not very imposing it is true, but remark- 
ably straight and rising abruptly from the basin floor, strongly 
suggesting a fault scarp in the face of which a number of short 
streams have cut their valleys. The Crater Lake cone is seen to 
rest upon the northward continuation of the supposed fault 
fissure, while farther south another volcano, unnamed on the map, 
occupies a similar position. Such a distribution of volcanoes is 
rather suggestive in connection with the fault theory, and the 
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apparent continuation of the cone slopes unbroken into the basin 
indicates that in considerable part at least the eruptions followed 
the faulting. A mud flow from the Crater Lake volcano cam: 
recently enough to descend the already formed Anna Creek valley 
and even to spread out over the floor of the basin for some distance 
if one may judge from topography alone. No sections were 
observed out in the basin, but farther up the valley Anna Creek 


volcanic ash, Anna Creek valley Phot 


has trenched the flow, revealing a beautifully jointed ash deposit 
(Fig. 1 \ sufficient number of lateral tributaries greatly to 
dissect the deposit has not vet been dev eloped ; partly, no doubt, 
because of the porosity of the ash. 

On the east side of the Klamath basin is a lower scarp remark- 
able for its straightness and for the small extent to which it has 
suffered from the agents of erosion. It is far more youthful in 
appearance than thé higher Cascade scarp. Because of its steep- 


ness the low, west-facing scarp is in striking contrast with the 


very gentle slope which declines eastward from its crest, and of 
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vhich one may catch an occasional glimpse from the automobile 
road. The topographic relations clearly indicate a very young 
lock mountain with steep fault face on the west and gentle back- 
lope on the east, For convenience we may call this the “Fort 
Klamath block” from the little settlement of that name near the 
base of the west-facing scarp. The northern portion, at least, of 
the Klamath Lakes basin, bounded as it is by higher fault blocks 
n both the east and the west, would therefore appear to represent a 
sraben, if this term may properly be applied to a relatively depressed 
lock between two faults of different date. We will in any case 
efer to it simply as the “ Klamath graben.” 

Toward the north the fault scarp of the Fort Klamath block 
\_ppears to swing westward to intersect the Cascade scarp under the 
nass of the Crater Lake volcano. Indeed it would seem that the 
intersection of the two supposed fault fissures most probably lies 
yeneath the surface of Crater Lake itself. Toward the south the 
Fort Klamath block dies out, to be replaced by the Modoc Point 
lock described below. 

One feature associated with the young Fort Klamath block 
leserves special attention. It is well understood that if a block 
mountain is raised across the path of a transverse stream so slowly 
that the stream is able to cut down its channel as fast as uplift 
occurs, the stream will maintain its antecedent course through the 
mountain. The transverse gorge of the Sevier River through the 
Cafion Range in Utah appears to be of this origin. On the other 
hand, if successive slight uplifts occur in too rapid succession, or 
if a single uplift is sufficiently great in amount, the river may be 
defeated in its purpose and turned aside. Somewhere, accord- 
ing to theory, we might reasonably expect to find one or more 
examples in which the river maintained its antecedent course 
for a long time, say until the block was raised halfway to its 
present altitude, but was then turned aside by a period of too- 
rapid uplift. 

The Fort Klamath region seems to present just such a case. 
South of Fort Klamath settlement one sees from the automobile 
road what at first appears to be a hanging valley opening in the 


face of the fault scarp about halfway between crest and base 
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(Fig. 2). From a distant view one gets the impression, however, 
that the elevated valley floor slopes eastward, or away from the 


fault scarp instead of toward it. I interpreted this to mean that 







a stream formerly flowed from west to east through the block, 
probably to unite with Williamson River, and that it maintained 







its antecedent course until half the present altitude of the rising 






block had been attained; then an excessive uplift dammed the 
stream and turned it southward along the Klamath graben, whik 







the deserted valley was later raised to its present altitude by con 






tinued uplift of the range. Regarding this remarkable valley 
















Dr. Gilbert writes: ‘The hanging valley you noted seems to be 
the only one of its type. I was able to verify your interpretation.” 
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Fr Deserted antecedent gorge in uplifted lava block south of Fort Klamath 


settlement 


In this connection I may perhaps refer to another possible 
example of the same physiographic type, recorded more than ten 
years ago, but not described in print because of the hasty char- 
acter of the observations on which my tentative interpretation was 
based. In the summer of 1906 I passed through the Parowan 
Valley at the western base of the high plateaus of Utah. This 
depression (Fig. 3) is well shown on the Kanab topographic quad- 
rangle, and was interpreted as a graben similar to the one described 
above. The great fault which bounds the valley on the southeast 
is abundantly attested by both physiographic and stratigraphic 
evidence, as I proved by several traverses across the fault southeast 
of Summit, Parowan, Paragoonah, and elsewhere. On the north- 
west the valley floor terminates abruptly at the base of a pronounced 
scarp, which is more or less dissected, but which shows occasional 
well-marked triangular facets such as characterize the fault faces 
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of certain block mountains. The topography strongly suggests 
that Parowan Valley is a down-dropped block, bounded on the 
southeast by a fault-block plateau and on the northwest by a 
fault-block mountain whose more gentle back slope is toward the 


northwest. 





Fic. 3.—The Parowan graben, Utah, showing abandoned antecedent gorge 
through block mountain on the northwest. 


Cutting transversely through the block mountain just mentioned 
is a remarkable gorge directly in line with the extended lower 
course of a stream which rises in the block plateau and flows north- 
west through the town of Parowan. According to the map, how- 
ever, the stream does not continue through the gorge at the present 
time, but terminates in a salt lake at the base of the fault scarp. 
The topographic relations suggested the possibility that a recent 
upfaulting of the block mountain had obstructed the Parowan 


stream and left the antecedent gorge deserted. If this be thé 
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correct interpretation the case is of interest as representing an 


earlier stage of the history recorded in the Fort Klamath example; 
for in the Parowan case the deserted valley has not yet bh: en raised 
much above its former level, and the lake initiated by the rising 
obstruction has found no new outlet. It is possible that heavy 
rains might so raise the lake-level as to cause it to spill out throug! 


Fic. 4.—Fault-block “splinter” on face of young block mountain. Modoc Point 
ooking north from Plum Ridge Photo by A. K. Lobeck.) 


the gorge itself before another outlet was found. Unfortunately 
Il was not able to visit the entrance to the gorge, nor otherwise 
to test the validity of my tentative interpretation. Observations 
based on a reconnaissance map with contour interval of 250 feet, 
supplemented by visual inspection from a distance of four or five 
miles, must not be accorded too high a value. 

Returning to the Klamath graben we may note that from 
Cihloquin southward a very young fault scarp forms the imposing 
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east wall of the graben. This is the western face of what may be 
called the Modoc Point block mountain, which stands in the same 
relation to the graben as the Fort Klamath block farther north, 
d, like the latter, has a more gentle eastern back slope. The 
west-facing fault scarp is remarkable for its youthful appearance, 


erosion having modified it but slightly, and for the straightness 
ol its base line for many miles at a stretch. At Modoc Point itself 
the strike of the fault changes rather abruptly from N.-S. to S. 35 E. 





Fic. 5.—Slickenside surface exposed along road cut in north end of Plum Ridge. 
Photo by J. P. Buwalda 


On the face of the range farther south is a prominent “fault-block 
splinter,” clearly shown in Fig. 4, from a photograph of Modoc 
Point looking northward from the northern end of Plum Ridge. 
rhe same view illustrates the youthful character of the fault scarps. 

It must not be supposed that the back slopes of the Fort 
Klamath and Modoc Point blocks are as smooth and featureless 
as their fault faces. Both blocks are remarkably youthful in the 
present cycle of erosion, as the descriptions of their fault scarps 
fully indicate; but no description would be complete which did 
not include an account of the stage of erosion reached in the pre- 
faulting cycle, as indicated by the topographic aspect of the back 


slopes. Our route of travel gave little opportunity for observation 
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on this point; but it may be said that both the contours of the 
Klamath topographic quadrangle and such glimpses as we secured 
of the back slopes agree in suggesting that the prefault topography 
was moderately rugged. The back slope of neither block appears 
to be as featureless as it would be had the region subjected to fault- 
ing consisted of a young lava plain on the one hand, or, on th 
other hand, of a volcanic region reduced by long-continued erosion 
to a peneplain. Dr. Gilbert writes that the reconstruction of the 


prefaulting relief would be a difficult task, because the great block 


have been “intricately sliced and dislocated on a small scale; and 
one of the marvelous features of the region is the association of 
major faulting with elaborate contemporaneous minor faulting.’ 

West of the southern end of the Modoc Point block is a sub 
sidiary fault block called Plum Hills or Plum Ridge. Near th« 
northern end of the steep, undissected scarp which bounds this 
ridge on the west there is a magnificent exhibition of slickenside 
surfaces visible from the passing train. Here we have preserved 
that rare phenomenon, a portion of the actual fault plane of a fault- 
block mountain. The perfection of the slickenside surfaces may 
be inferred from the fact that one of them has been used as a 
“bill board’’ upon which are painted the advertisements of certain 


business houses, as shown in Fig. 5. 

















THE NORTHWARD EXTENSION OF THE PHYSIO- 
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PART II 
THE GREAT PLAINS PROVINCE 


East of the Rocky Mountain System lies a plateau area that 
pes gently away from the mountains. Custom has firmly 
tached to the part of this region lying within the United States 
e name of “‘Great Plains.’’ In the present paper this name will be 
sed to include the Canadian and Alaskan sections of the province. 
The Great Plains extend uninterruptedly from the Pecos and 
io Grande rivers northward through the United States'and Canada 
the shores of Great Bear Lake.*~ At this place the Mesozoic and 

ertiary rocks of the Great Plains Plateau are cut off by a westward 
xtension of the pre-Cambrian rocks of the great Laurentian 
‘lateau and the province becomes restricted to a narrow belt. 
However, it widens again near the boundary between the Northwest 
lerritories and Alaska, and gradually develops into the Anatuvuk 
Plateau of Alaska which has a width of about 150 miles. This 
section of the province terminates near the one hundred and 
sixty-third meridian, where its mountainous southern boundary 
closes with the Arctic shore line.’ As shown on the accompanying 
map the northern part of the province bends to the west in con- 
formity with the general trend of the neighboring Cordillera. 

The western boundary of the province throughout its entire 
extent is the Rocky Mountain System. These two divisions are 
sharply distinguished topographically. On the east the province 

N. M. Fenneman, Ann. Assoc. Am. Geog., IV, pl. 1. 

C. A. Young, Geol. Survey Canada, Pub. 1085, p. 107 

\. H. Brooks, U.S. Geol. Survey, Prof. Paper 45, pp. 46, 47. 
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is generally satisfactorily delimited. It is separated from the 
Central Lowland for considerable distances by an eastward facing 
escarpment from 200 to 1,000 feet high. The most conspicuous 
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portion of this escarpment (the Missouri coteau) begins near the 

southern boundary of North Dakota and extends northward to 

about the fifty-fourth parallel." Beyond this to the vicinity of 
C. A. Young 














s 





PHYSIOGRAPHIC EXTENSION OF UNITED STATES 239 


Great Bear Lake the boundary is essentially the contact of Meso- 
and younger sediments on the west with old pre-Cambrian 
rocks on the east. In the Anatuvuk Plateau section, the contact 
Mesozoic and Tertiary rocks on the south with later Tertiary 
diments of the Arctic Coastal Plain on the north may be regarded 
the boundary line. This line is not easy to recognize everywhere 
the field. In many places the merging of plain and plateau is 
perceptible; in other places the coastal plain is wanting and 
waves of the Arctic Ocean dash against the base of the plateau 
rp.’ 
Many of the features of the Great Plains in the northern part 
the United States owe their origin and character either to base- 
eling or glacial accumulation, or to both. In brief, the topog- 
phy may be described as a broad expanse of moderately rolling 
iteau broken here and there by valleys and irregularly dissected 
icts, and rising westward to the foot of the Rocky Mountains at 
rate of four or five feet to the mile. Standing above the general 
irface are a few residuals that resisted the Tertiary base-leveling. 
urtle Mountain near the boundary of North Dakota and Manitoba 
typical of these. Glacial moraines with their accompanying 
wider ridges, lakes, and ponds are characteristic. 

Approximately the same conditions are continued northward 


nto Canada to about the fifty-fourth parallel. The topography 
f this section is also irregular and rolling. The plateau surface 


ises from 2,000 or 2,500 feet at the eastern escarpment to about 


1,000 feet, where it meets the mountains on the west. Residual 
masses, such as the Cypress Hills and Wood Mountain, represent 
the resistant and unreduced portions of a once higher plain.2 The 
numerous ponds and lakes scattered over the surface are glacial 
features. 


The Anatuvuk Plateau of Alaska is also a dissected peneplain 
Eocene or Miocene) which has been elevated to an altitude of 


ibout 2,500 feet at the northern base of the Endicott Mountains, 
from which elevation it descends gradually to about 800 feet, 
where it merges with, or overlooks, the Arctic Coastal Plain.’ 


t A. H. Brooks, Joc. cit. 
?C. A. Young, op. cil., p. 107. 3A. H. Brooks, op. cil., pp. 279, 280. 
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Structurally the Great Plains are a unit from Texas to Alaska. 

Although the strata of the divisions within the United States lie 
sensibly flat for short distances, the structure of the bedrock 
(Paleozoic or Mesozoic sediments) has the general character of a 
great geosyncline which rises sharply on approach to the Rocky 
Mountains, where the steeply inclined eastward dipping strata 
appear in the form of “hogback”’ ridges fringing the Front Ranges 
of the Rocky Mountains. A regional westward dip of the plains 
strata is general for the province, but it is modified locally | 
structural deformations of some importance. The eastern outcri 
of the westward dipping strata is marked by the escarpment ar 
coteaus previously referred to. 

Similar structural features exist in Canada‘ and on the whole i 
Alaska, though on the Anatuvuk Plateau the Mesozoic strat 
appear to have been thrown into a series of broad, open folds, an 
even the early Tertiary deposits have been subjected to mino 
deformation. 

In early Tertiary time the Great Plains of the United States 
were raised out of the sea and have remained a land surface eve 
since. The Tertiary period was one of active erosion, and during 
that time the region was base-leveled, excepting the residuals 
previously cited. The western part of the province had the greater 
initial uplift, consequently it was susceptible to greater erosion 
All strata were beveled regardless of changing dip and hardness 
Another great uplift in late Tertiary time began the present 
erosion cycle. In both the United States and Canada this later 
erosion has caused deep dissection in the western parts of the 
Great Plains and has almost base-leveled again the low plains 
to the east. 

In Alaska the base-leveling of the Anatuvuk Plateau is assigned 
to the late Eocene or the Miocene epoch,’ and the unconsolidated 
deposits which overlie the eroded strata are supposed to be of 
Pliocene age. If this time is correct these deposits correlate closely 
in age with the terrestrial deposits that are so widely scattered over 
the Great Plains of the United States. 

C. A. Young, op. cil., pp. 108-13 
\. H. Brooks, op. cit., pp. 278-80 \. H. Brooks, ibid 
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[HE WESTERN LAKE SECTION OF THE CENTRAL LOWLAND PROVINCE 
East of the Great Plains province lies another plains .region 
that is distinctly lower than the first. Various names have been 
plied to it, but none seems better adapted to the region as a whole 
or more inclusive of the several topographically diverse subdivisions 
than the name used herewith—Central Lowlands. It is subdivided 
into several sections, but only the two that have Canadian exten- 
sions will be discussed in this paper. The first of these is the 
\\estern Lake section. 
This section is irregular in shape and embraces a large part of 
northern interior of the United States and a smaller part of 
ith-central Canada. Its western boundary is the Tertiary 
sion scarp (Missouri coteau) previously mentioned. The 
stern boundary is also marked by a prominent topographic break 
roughout most of its length, and where a topographic separation 
not easily made from the province next to the east there are good 
isons for drawing the line empirically. The eastern boundary 
gins near Stillwater, Minnesota, and runs northwestward, 
‘irting the Superior Highlands to Rainy Lake. From this point 
continues north and west close to the eastern shore of Lake 
Winnipeg to a point near longitude 102°W. and latitude 55°N., 
where it closes with the western boundary. This line with minor 
xceptions is essentially the contact of pre-Cambrian rocks of the 
Laurentian Plateau with the lacustrine sediments of glacial Lake 
\gassiz. 
An optional line might be run along the most prominent western 
beach of Lake Agassiz and continued along a series of water-worn 
lifis of Cretaceous rock overlooking a region of Silurian bedrock 
and the alluvial sediments of the former lake. Collectively these 
cliffs are known as the Manitoba escarpment.’ Eastward flowing 
streams have cut numerous deep valleys in this escarpment and 
have left the intervening remnants standing as isolated hills, the 
most prominent of which are the Pembina, Riding, Duck, and 
Porcupine mountains.?- Beyond Porcupine Mountain there are 
no adequate data for drawing the line, and it might therefore be 
C. A. Young, op. cil., p. 108 


D. B. Dowling, Geol. Survey Canada, Guide Book, No. 8, Part I, p. 80 
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placed arbitrarily at the contact of Cretaceous rocks on the west 
with Silurian rocks on the east, which is essentially the condition 
existing all along this boundary in Canada, if we neglect the vertical 
separation of the two systems of rocks at the escarpment. As thus 
drawn the line curves to the west and closes with the western 
boundary just north of the fifty-fourth parallel. This line has not 
been used on the accompanying map because it is desired to 
correlate this work as closely as possible with the most recent wor 
on the physiographic divisions of the United States." 

The surface of this region consists largely of a monotonou 
flat plain covered by the deposits of glacial Lake Agassiz, which a 
its maximum extended from the latitude of the southern boundar: 
of North Dakota to the northern boundary of Manitoba. Th 
Winnipeg Lake System is a remnant of this great lake. Moraini 
ridges along the edges of till sheets, intermorainic tracts of rolling 
till plain, and level lacustrine tracts marking the sites of smaller 
glacial lakes are also prominent features. The topography may 
be described in summary as pre-eminently glacial, and the effects 
of the ice sheets are evident to even the most casual observer.’ 

Similar topographic conditions are found in the Canadian 
division. Here also the surface is gently undulating and every- 
where covered by a veneer of drift which either obscures or accen- 
tuates an earlier relief. In southwestern Saskatchewan is the level 
floor of glacial Lake Saskatchewan, a large and probably short- 
lived contemporary of the smaller glacial lakes of the United States, 
such as Souris and Dakota. The valley of the Qu’Appelle, which 
is one of the several deep valleys cut during postglacial erosion 
intervals, marks the former course of the South Saskatchewan at 
the time when the northward flow of that stream was blocked by 
ice. It is analogous in several ways to the Missouri River.’ 

Though the present relief of this section is pre-eminently of 
glacial origin, it is really a product of both glaciation and pre- 
glacial erosion, and to a lesser extent of postglacial erosion. This 
region as well as the Great Plains to the west was probably pene- 
plained, or at least subdued, in late Tertiary time. It was later 

N. M. Fenneman, Ann. Assoc. Am. Geog., VI, pl. 1. 


J. E. Todd, U.S. Geol. Survey, Bull. 144. 3D. B. Dowling, op. cit., p. 80. 
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uplifted and well dissected probably in a preglacial stage of the 
Pleistocene epoch. The driftless area of Wisconsin is generally 
assumed to represent a slightly modified form of the topography of 
that stage. Then followed the advances and retreats of four or 
more ice sheets, with the consequent modification of relief and 

inage lines. Since the older drift was deposited, erosion has 


<luced a complex system of valleys in places, and some of the 


larger streams have developed broad, flat bottoms. In the area 
covered by the later ice sheets, there has been but little modification 
the glacial topography. The rivers have terraced the outwash 
posits, but the majority of glacial features remain unchanged. 
| the Canadian division of this section the drainage lines are still 
idly disorganized. 
[E EASTERN LAKE SECTION OF THE CENTRAL LOWLAND PROVINCE 

This is a region of general plain aspect immediately adjacent 

» the Great Lakes. It is difficult to give an exact definition of it 
hat is inclusive in a broad way of all its topographic features, and 
t the same time delimit it from neighboring regions of apparently 
imilar features. Writers on the physiography of the United 
States generally agree that the region adjacent to the Great Lakes 
ossesses distinct glacial features which are easily recognizable 
from whatever point of the compass it is approached; and although 
the adjoining areas to the north, south, and west were also glaciated, 
there is sufficient contrast between the morainic, marshy, lake- 
dotted surface that characterizes the Lake Region, and the roche 
moutoné suriace of the Laurentian Plateau and the till sheets of the 
plains to the west and south, to justify making this region a separate 
section. 

Within the United States this section is bordered by the Adiron- 
dack Mountains, the Allegheny Plateau, the till plains, the 
Wisconsin driftless area, and the Superior Highlands. This 
boundary is generally marked by topographic breaks. In places 
along the border of the Adirondacks the break consists of the 
contrasting topography of mountain and plain; along the edge of 
the Allegheny Plateau it is an erosion scarp; in still other places it 
is a difference in topography not always to be comprehended in a 
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single view, but none the less real on that account—the difference 
between a surface of morainic ridges and till sheets. The northern 
boundary begins near Fort William, Ontario, and in a general way 
follows the shore line of the Great Lakes to the vicinity of Kingst: 
Ontario, where it closes with the eastern and southern boundar 
This boundary is placed at the contact of the pre-Cambrian bedroc! 
of the Laurentian Plateau and the sediments of the glacial lak: 
As drawn on the accompanying map it practically coincides wit 
the Algonquin-Iroquois beach as mapped by Upham, ' and Leveret 
and Taylor.’ 

This section has two well-defined types of topography. T! 
first consists of lacustrine plains immediately surrounding th 
existing lakes and bounded in places by morainic ridges concentri 
with respect to them. These “lake plains” are built up of th 
sediments of glacial lakes that covered an area greater than th« 
present lakes. They are in topography, age, and structure analo 
gous to the lacustrine plains of the Western Lake region. A narrow 
strip of territory of this type extends around to the Canadian sidé 
of the Great Lakes. 

rhe second type of topography embraces areas characterized 
by ground moraine, morainic ridges, swamps, and small lakes. 
rhese areas border the “lake plains” on the south and constitute 
by far the larger part of the section. Similar topographic features 
are found north of the Great Lakes, in fact, they are widely scattered 
over the Laurentian Plateau, but they are so decidedly subordinate 
to the features of the old erosion surface that no great difficulty is 
experienced in locating the dividing line between the two provinces. 
This second type of topography is particularly well developed in the 
peninsular portion of Ontario. 

Glaciation is of course the main topic to be discussed in the 
physiographic history of this section. All of the principal features 
of the topography are the results either of unequal glacial accumula- 
tion or of the alteration of drainage lines; and although preglacial 
topography probably conditioned results to some extent, it is now 
‘ Warren Upham, U.S. Geol. Survey, Mon. 55 

Frank Leverett and F. B. Taylor, U.S. Geol. Survey, Mon. 53. 


F. B. Taylor, Geol. Survey Canada, Summary Re port (1909), pp. 164-67 
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so nearly obliterated that history must begin with the surface 
ern changes of the Pleistocene epoch. These were the changes incident 
vay to the advance and retreat of several ice sheets. The United 
States and Canadian divisions of the section were similarly and 
contemporaneously affected. Post-Pleistocene history is largely 
ecord of drainage readjustments following the final disappearance 
the ice. 
'HE NEW ENGLAND PROVINCE 
East of the Hudson-Champlain Valley and south of the St. 
Lawrence River lies the New England region. Physiographers 
gard it as a province in the major division of the Appalachian 
Highlands. It is bounded on the east by the Atlantic Ocean, and 
; the west by a line running north from Long Island Sound along 
i e eastern border of the Hudson-Champlain Valley’ to the foot of 
ike Champlain, thence northeast to the city of Quebec and down 
1e St. Lawrence Valley.2. Newfoundland, though detached and 
parated from the mainland by a considerable body of water, is 
: eally an outlier of this province and will be treated as a section of it. 
Exclusive of the coastal margin, New England topography is 
irgely of the type of an uplifted, extensively dissected, and 
slaciated peneplain. To this general characterization, however, 
nust be added certain modifications. Although the terms “up- 
land”’ and *plateau’’ may be properly applied to the southern half, 
. part of the northern half is so mountainous as quite to conceal the 
plateau feature. The Connecticut Valley must also be considered 
as departing from the general characterization. The topography 
is controlled by three prominent structural features, namely: (1) 
a western mountain axis, extending through Connecticut, Massa- 
chusetts, and Vermont; (2) an eastern mountain axis, unimportant 
topographically in the United States, which runs from Rhode Island 
to the Maritime Provinces of Canada; and (3) a long, narrow, 
structural depression between these two axes, in part occupied by 
the Connecticut Valley. 
Each of these mountain axes was early in geologic time a 
line of elevation. The northern part of each still retains the 
*N. M. Fenneman, Ann. Asso. Am. Geog., IV, 101-4. 
C. A. Young, op. cil., p. 108 
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mountainous character of the initial (or at least an early) uplift, but 
the southern parts were eroded to the condition of a peneplain, then 
elevated again and dissected.' Standing above the general surface 
of the uplifted peneplain are numerous residual mountain masses 
or peaks, typical of which are Monadnock and Katahdin.’ 

The Connecticut Valley, though a structural as well as a top: 
graphic depression throughout its entire length, also has norther 
and southern divisions of unlike characteristics. In this cas 
however, the contrast is not due so much to differential upliit 
or depression as to inequalities of hardness and resistance t 
erosion. 

The general conditions just cited for New England are con 
tinued across the International Boundary into Canada. The Gree 
Mountains of Vermont, the northern expression of the wester1 
axis, extend into Quebec under the name of the Notre Dame 
Mountains. They border the estuary of the St. Lawrence and 
continue into and through the Gaspé Peninsula, where they ar 
known as the Shickshocks. The White Mountains of New Hamp- 
shire, the northern expression of the eastern axis, extend northeast 
wardly through Maine, close to the border of Quebec, and gradually 
blend with the elevated tracts of New Brunswick and the Maritime 
Provinces. ‘Though the general course of the hills of the Maritime 
Provinces parallels that of the Appalachians, the propriety of 
including the territory in the Appalachian region is better shown 
by the geologic features, such as the Appalachian folding, and by the 
pronounced northeastwardly trend of the whole Province of Nova 
Scotia, the parallel long indentation of the Bay of Fundy in the 
southeast and that of Chaleur Bay with the valley at its head in 
the northwest.” 

The Appalachian part of Canada is generally regarded as having 
participated in the Jurassic-Cretaceous base-leveling, and locally 
at least in the Tertiary base-leveling. The accordance of summit 
elevations, particularly in the eastern portion, and the presence of 
isolated residuals rising here and there above the upland level 
indicate a former peneplain which probably correlates with the 
W. M. Davis, Bull. Geol., Soc. Am., I, 557 
J. H. Perry, Jour. Geol., XIL, 1-14 C. A. Young, op. cil., pp. 30-32 
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higher peneplain of the Appalachians in the United States. Sutton 
Mountain of the Notre Dames and many of the peaks on the Gaspé 
Peninsula are typical monadnocks. The Cobequid upland of 
Nova Scotia is compared by Bell' to the Unakas and its origin 
referred to the Cretaceous base-leveling, and the Cumberland 
wland adjoining it is regarded by him as a local peneplain 
eloped in Tertiary time. 

Though cut off from the mainland, Newfoundland is really a 
structural and topographic subdivision of the Appalachian region. 


he uplands of Newfoundland are the remnants left by the dis- 
tion of a once almost perfect peneplain, and there is no more 
striking feature in its topography than the marked parallelism of 
s peninsulas, re-entrants, lakes, ridges, rivers, and outcrops, which 
nearly every case approximates a direction of N.2o E.2 The 
shickshocks of the Gaspé Peninsula, after being interrupted by 
e depression of the St. Lawrence Valley, seem to be continued 
the Long Range, a mountainous feature that parallels the entire 
estern coast of Newfoundland. This range has an average 
evation of about 2,000 feet and compares very closely in this 
‘spect with the Shickshocks. The Lewis Hills, apparently a 
esidual mass lying half-way between St. George Bay and the 
Bay of Islands, rise to 2,700 feet. The elevated tracts of the 
Maritime Provinces also appear to be continued beyond the Gulf 
4 St. Lawrence in a series of flat-topped hills, on which rise local 
elevations separated by long, parallel valleys. 
On the side of the island that faces the gulf the youthful 
spect of the streams, the numerous terraces rising like gigantic 
steps from 12 to 400 feet above high water, and the delta deposits 
it the mouths of the rivers indicate several recent stages of eleva- 
tion; but on the seaward side drowned gorges and almost sub- 
merged islands testify to recent and progressive submergence. 
lhese conditions are suggestive of the conditions existing between 
northern and southern New England with respect to elevation and 
depression. Clark,’ however, connects Newfoundland orogenically 
W. A. Bell, Geol. Survey Canada, Guide Book, No. 1, Part Il, pp. 326-28. 
W. H. Twenhofel, Am. Jour. Sci., Fourth Series, XX XIII, 1-24. 
J. M. Clark, Geol. Survey Canada, Guide Book, No. 1, Part I, pp. 93-95. 
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with the mainland only through the eastern axis, and he states that 
the western axis ends in an arc at the end of the Gaspé Peninsula 
The physiographic history of the New England region begins 
with the close folding that occurred near the end of the Pennsy!- 
vanian epoch. But although this folding controls the topograph 
the detailed forms so far as known are the net result of two period 


4 


4 


of base-leveling and subsequent uplift, one in Jurassic-Cretaceot 
and the other in Tertiary time, modified by glaciation. 

Of the history of the Canadian Appalachians, Goldthwait 
Says: 

During the closing part of the Mesozoic subaérial denudation seems 1 
have held sway. The mountains were slowly but surely reduced to a plai 
of low relief or “‘peneplain.’’ Locally, in districts remote from the coast an 
where stronger rock structure appeared just above the Cretaceous base-leve 
the reduction of the surface was incomplete and many residual mountains o 
monadnocks were left. On the whole, however, the base-leveling was ver 
thorough, planing away the harder rocks as well as the weaker. 

Chis almost complete cycle of denudation was brought to a close at about 
the beginning of the Tertiary by regional uplift. The uplift seems everywhere 
to have been greatest in the interior and least near the coast. By it the 
seaward-flowing rivers were revived and a new cycle of erosion was begun 
and by mid-Tertiary time broad lowlands had been developed. Another up 
lift occurred and the lowlands were carved by the streams until a fairly ma 
ture topography had been evolved beneath the Tertiary surface. 


THE LAURENTIAN PLATEAU 

Lying with its vertex near the Great Lakes a U-shaped area of 
pre-Cambrian rocks stretches away to the north, inclosing Hudson 
Bay in its arms, and extends into the still unexplored regions of the 
Arctic. It embraces nearly all of the northeastern part of North 
America and projects two spurs, the Adirondack Mountains and 
the Superior Highlands, into the United States. 

The western and southern boundaries of this division have been 
described or have had their locations implied in previous para- 
graphs. The location of the northern boundary cannot be stated 
with accuracy, but may be placed tentatively near the sixty-eighth 
parallel. The northeastern boundary of the plateau proper is a 
group of mountains that lie close to the coast and extend from the 


J. W. Goldthwait, G Survey Canada, Guide Book, No. 1, Part I, pp. 6-7 
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Straits of Belle Isle northward through Labrador, Baffin Island, 
Devon Island, and Ellesmere Island to Cape Sabine, a distance of 
approximately 2,000 miles. The ranges of this group are truly 
mountainous, with known elevations of 6,000 feet or more and with 
peaks estimated to approach 7,500 feet. Allowing even a wide 
titude of topographic variation, such mountains could scarcely 
considered an integral part of the plateau. In the absence of 
topographic data the line separating plateau from mountains can 
conjectured only, and that within wide limits of error. From 
he Straits of Belle Isle the southwestern boundary is the Gulf of 
t. Lawrence and the estuary of St. Lawrence River. Within these 
oundaries the Laurentian Plateau may be considered to be a 
topographic unit. Its chief features are those of a peneplained 
egion of crystalline rocks which was uplifted, extensively dissected 
)y ordinary erosion processes in preglacial time, and more recently 
heavily glaciated. 
The Laurentian Plateau has a gently undulating surface, 
diversified by such glacial features as moraines, lakes, swamps, 
nuskegs, and outwash deposits. Over large areas a hill 150 feet 
high is a conspicuous feature of the topography, and though a few 
do actually approach 300 feet, they are of course residuals. The 
plateau is generally considered to be an uplifted peneplain, dissected 
to such a degree that it appears rough but not rugged. It should 
be borne in mind, however, as Adams’ has pointed out, that the 
term peneplain is used merely as descriptive of the nearly level 
character of the country without any implication for a definite 
origin for it. Wilson’ has called attention to the fact that it is 
not a single peneplain, but probably a series of facets produced in 
widely separated periods. Very few of the qualities of the typical 
peneplain are present. There are no deep residual soils; in fact, 
there is no continuous cover of soil, except in the southern part, 
and no well-organized drainage courses. Instead there is a maze 
of youthful streams and lakes, and in places the altitude reaches 
2,000 feet. Unequal uplift and intense glaciation have so modified 
the topography that must have existed at the end of the erosion 
t F. D. Adams in Problems of American Geology (Yale University), p. 45 


? F. D. Adams, op. cit., p. 40 \. W. G. Wilson, Jour. Geol., X1, 615-109 
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interval preceding the glacial epoch as to make its general peneplain 
character recognizable only by the pronounced and uniform dis- 
cordance between surface and geologic structure. 

The southeastern border of the plateau, where it overlooks the 
St. Lawrence lowlands and the estuary of the St. Lawrence River, 
is more rugged and uneven than the remainder, and is known as 
the Laurentide Mountains. The greater ruggedness of this border 
is due not entirely to residuals that survived the base-leveling ot! 
earlier cycles, but to some extent at least to the greater uplift of! 
the peneplain along this line. An observer on the highlands looks 
across a plateau-like surface, but one in the lowlands looks up 
against the scarplike face of a range of hills of sufficient height 
to be known as mountains. It has been suggested that this 
escarpment may mark the line of a fault or a series of faults." 

Tributaries of the St. Lawrence cross the Laurentide Mountains 
in deep, steep-sided canyons or gorges, which accentuate the rugged- 
ness of the local topography. The Saguenay, the Coldwater, the 
Hamilton, and the Ottawa rivers are typical of this class, and in 
places their canyons are more than 2,000 feet deep. These canyons 
may represent ancient river valleys deepened by subsequent 
glaciation, or they may be of the “‘graben”’ type and similar to 
many of the streams of the Adirondacks. 

The physiographic features of the Laurentian Plateau are 
reproduced in miniature in the Adirondack Mountains. There also 
is a plateau, nearly uniform in elevation, but rising to somewhat 
greater heights along the northeast, east, and southeast borders.’ 
The plateau is apparently an uplifted peneplain. The rougher 
margins may have been base-leveled at the same time as the 
remainder, but if so all traces of the old erosion surface have been 
effaced in subsequent changes. 

The drainage of the eastern Adirondacks is remarkably like that 
of the southeastern and eastern borders of the plateau proper. 
Many of the streams and lakes lie in steep-walled gorges or chasms. 
Escarpments produced by the compounding of several fault systems 
are also suggestive of the scarp along the border of the Laurentide 
Mountains. 

E. M. Kindle and L. D. Burling, Geol. Survey Canada Mus., Bull. 18. 
W. J. Miller, V.V. State Mus., Bull. 164, p. 81 
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The remainder of the Adirondack region, the western half or 
plateau portion, “is not absolutely flat, but is more or less diversified 
with low hills and intervening broad valleys. Occasional summits 
give views of moderate extent, but no elevations can properly be 
called mountains, and the general term plateau is most expressive.’” 

In the Superior Highlands of northern Wisconsin, northwestern 
Michigan, and northern Minnesota there is another area topo- 
graphically similar to the Laurentian Plateau proper. 

Like the latter its sky line is distinctly even and gives little hint of the 
ountainous structure that prevails almost everywhere within it. Its principal 
pographic feature is an uplifted and dissected plain of erosion which has 
en glaciated and hence has many secondary features due to ice erosion. It 
es neither in the region of pronounced glacial aggradation nor in that of 
ense glacial denudation; hence those forms that are of glacial origin are 
le In some Cases to ice scour, in others to ice accumulation. A certain amount 
glacial detritus occurs here and there; in other places the surface is swept 
ractically clean by glacial erosion. The glacial material is irregularly disposed 
characteristic fashion and blocks the drainage to such an extent that ponds 


nd lakes occur in large numbers. 


The Laurentian Plateau with its outliers or spurs is an ancient 
peneplain which has undergone differential elevation, has been 
denuded, subsequently dissected around the margins, and exten- 
sively glaciated. Further than this little may be said regarding 
its physiographic history. It is fairly well established that a 
peneplain was developed in pre-Cambrian time over the main part 
of the plateau, including the Adirondacks and probably the Superior 
Highlands. There is some evidence of a second peneplain developed 
upon Paleozoic sediments. Owing to the almost complete removal 
of these sediments and their existence at present only in small 
down-faulted blocks, the fact of this peneplain is not fully estab- 
lished. There is unquestionable evidence of a third, probably 
Cretaceous, peneplain produced over the greater part of the 
plateau, including the Adirondacks and possibly the Superior 
Highlands. However, in the present state of our knowledge, 
sweeping generalizations regarding the number, dates, or extent 
of the several peneplains are not justifiable. 


J. F. Kemp, Pop. Sci. Mon., LXVIUII, 199 
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LAWRENCE VALLEY PROVINCE 
The St. Lawrence Valley, bordered on one side by the New 
England region and on the other by the Laurentian Plateau, is a 
strip of territory sufficiently different in structure, topography, and 
physiographic history to require separate discussion. This is 
known to Canadian geologists as the St. Lawrence Lowlands. This 
name is perhaps better suited to designate the province than S 
Lawrence Valley as the province has a greater extent than the me! 
valley of the river. 

Commencing near the city of Quebec, these lowlands stretch on both sick 
of the St. Lawrence River, southwestward, with slightly diverging boundari: 
until at Montreal the level country is approximately 120 miles wide. Beyor 
Montreal the northern boundary pursues a westward course up the Ottaw 
Valley to a point about 50 miles beyond Ottawa city, where a ridge of brok« 
country, a low spur of the Laurentian Highlands, projects southward, crossing 
the St. Lawrence between Brockville and Kingston to join the elevated Adirot 
dack region of northern New York.! 


Young extends the province beyond this spur and includes the 
territory of the Ontario Peninsula “‘lying between Lakes Huron, 
Erie, and Ontario, and bounded on the north by a nearly east-west 
line from Kingston to the foot of Georgian Bay.” In this paper 
this territory has been included in the Lake section, and the Lauren- 
tian spur should probably be regarded as the natural boundary of 
the lowlands. This opinion is supported by Kindle and Burling, 
who write that “the Paleozoic plain of the Ottawa and St. Lawrence 
valleys lies between the Laurentian Plateau on the North and the 
Adirondack uplift on the South, and extends eastward from the 
Archean shield at the head of the St. Lawrence to the zone of 
Appalachian folding east and southeast of Montreal.’ 

Branching off to the south from this province near Montreal 
is the Champlain-Hudson Valley, which is topographically similar 
to the St. Lawrence Valley and which may be regarded as a section 
of the prov ince 

The main division of the province, that which embraces the 
valley of the St. Lawrence River, is a plain floored with Paleozoic 

C. A. Young, op p 
E. M. Kind D 





Burling, op. cit., 
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rocks. Its elevation is but a few hundred feet above sea-level, and 
there are only occasional departures either upward or downward 
rom the general level. It lies beneath the limiting provinces and 
is cut off from two of them by faults—the St. Lawrence-Champlain 


lt separating it from the New England region,’ and the Lauren- 


tian Plateau fault marking its northern boundary.’ 

Of the few eminences rising above this plain, the Monteregian 
Hills are the most prominent. These hills are eight in number. 
They extend along an east-west line about ten miles apart, and rise 

ruptly from 600 to 1,200 feet above the surrounding country. 


f 


ucturally they are cores of igneous rocks (probably conduits 

anating from a dike or laccolith) surrounded and mantled by 
liments in such a manner as to indicate that at the time of their 
trusion the overlying Paleozoic strata were many hundreds of 
et thicker than at present. This great mantle of rock has been 
1ce removed by erosion, except where local down-faulting has 
eserved remnants of it. Recent work on the Laurentian Plateau 
is discovered several outliers of Paleozoic rock scattered over its 
irface which were preserved in this manner. 

A variable thickness of glacial material which was assorted by 
1e Pleistocene or post-Pleistocene marine invasion is spread upon 
he Paleozoic bedrock. Upon this in turn lies a thin veneer of 
iarine sediments. The earlier erosion- topography is probably 
.either accentuated nor subdued in any marked degree by the drift 
nd sediments. 

The Champlain-Hudson Valley resembles the St. Lawrence 
Valley in several respects, namely, it lies at approximately the same 
ltitude above sea-level; it is a low plain lying between adjacent 
mountainous provinces; it is floored with Paleozoic rocks; it has 
a mantle of drift spread over an old erosion surface; and it was 
subjected to a postglacial marine invasion. A part of this valley 
is occupied at present by the waters of Lake Champlain and 
Hudson River. 
In the St. Lawrence Valley physiographic history begins with 

the emergence of the Paleozoic rocks with which it is floored. The 
C. A. Young, op. cil., p. 62. 
2 E. M. Kindle and L. D. Burling, op. cit., Fig. 5 
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time of this emergence is uncertain, but post-Devonian at all 
events, as deposits containing Devonian fossils have been found in 
places. These sediments were probably 5,000 feet thick over the 
province at the time of the emergence, and no doubt they also 
covered a part of the Laurentian Plateau and the Adirondack 
Mountains. 

From the time of the emergence until the Pleistocene ep: 
erosion appears to have been uninterrupted, and the region w 
denuded of 2,000 to 3,000 feet of rock. This almost complet: 
uncovered the pre-Cambrian rocks of the plateau, and would ha 
exposed the pre-Cambrian in the St. Lawrence Valley had not 
down-faulting on a large scale preserved a variable thickness of t! 
sedimentaries.' 

During or immediately preceding the Pleistocene epoch the: 
was a widespread downwarping of central and eastern Canad: 
which caused the former southward-flowing streams to chang 
their direction of flow to the north. As the ice retreated, some o 
the water found an outlet to the sea via the St. Lawrence River an 
distributed along its course a considerable amount of glacial débris 
When the ice had retreated far enough, the sea advanced up the 


St. Lawrence Valley, assorted the glacial material by wave-action 


and deposited upon it a thin bed of marine formation. With the 
final disappearance of the ice there was a general elevation of the 
north country, and marine beds are now found in certain places 
at elevations exceeding 600 feet. 

The Champlain-Hudson Valley was the scene of a similar 
sequence of events, as witness the character of the bedrock on the 
valley floor, the assorted glacial débris, and the postglacial marine 
beaches standing 300 or more feet above sea-level.’ 

E. M. Kindle and L. D. Burling, op. cit., p 

J. W. Goldthwait, Geol. Survey Canada, Guide Book, No. 3, pp. 118-26. 

W. J. Miller, N.V. State Mus., Bull. 168 
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lhe physiography of the Killdeer Mountains illustrates a case 
ejuvenation without uplift. The drainage was rejuvenated 
he deflection of the Little Missouri River due to the approach 
nice sheet. The deflection, which brought the Little Missouri 
er much nearer the mountains than it was before, produced a 
at increase in the gradient of the mountain streams. 

\ study of the rocks extends the known distribution of Oligocene 


mations in the Northwest. Much of the rock is limestone, and 


formations appear to have been made by wind, river, and 

e actions. 

LOCATION AND DESCRIPTION 

The Killdeer Mountains are in the western part of North 
kota, about halfway between Manitoba and South Dakota, 
d 50 miles east of the Montana line. .They are part of the water- 
ed between the Missouri and Little Missouri rivers, the watershed 
‘tending 250 miles southward to the Rlack Hills. The mountains 
msist of two mesas, called North Mountain and South Mountain, 
hich are surrounded by cliffs which in some places are more than 
0 feet high. The mountains cover an area of about ro square 
liles, but they are so deeply cut into by streams that the plateau 
24 square miles in area, and the periphery of the 


tops are less than 25 
ilateaus is about 30 miles. Most of the mountain area consists 


f slopes covered with talus and landslides, deep, wide valleys, 
nd foothills characterized by decapitated slopes. Here and there 
teep-sided peaks rise from the plateaus, the highest being about 


3,200 feet above sea-level, and about 150 feet above the plateaus. 


Che mesa tops, which are upheld by a series of interstratified sand- 


stone and limestone layers, are about 500 feet higher than the plains. 


55 
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PHYSIOGRAPHY 


Character and growth of the valleys —The areal distribution of 
valleys in the Killdeer Mountains is relatively large. The main 
valleys are wide-mouthed, steep-sided, and nearly flat-bottomed 
Numerous short, steep-sided gulches cut into the level upland 
The slopes of the main valley floors are gradual because they ar 
in uniformly soft clay and sand formations; but the heads and sid 
of the valleys are steep because they are bounded by the resistant 
interbedded limestone and sandstone in the upper part of th 
plateaus. The gulches and valley heads are still in infancy, where 
the lower valleys are farther along in their work of lowering tl 
valley floors to the level of the plain. The valley floors are strew 
with masses of resistant rock from the upper slopes. In some places 
the beds of the upper slopes have slipped down from their origina 
position in such a way that they retain their horizontal position 
although about 100 feet below the level in which they were in plac« 
In some places streams have cut their way in behind the slump 
thus increasing the slump by continually undercutting the already 
sliding cliff face. In some cases the slumps were started by thx 
formation of caves. Several of these caves have the position oi 
fissures, but their size and their irregular shape and the high lim« 
content of the rock show that they were enlarged, at least, by solu 
tion. Nearly parallel to the south-facing cliff of South Mountain 
near Oakdale, there is a cave opening known as Medicine Hole 
which gives access to a crack at least go feet deep and a score or 
more feet long. This opening cuts through the limestone forma 
tion which caps that part of the mesa, and the bottom of the aper- 
ture is in the weak sand formation. Less than 1oo feet south of the 
fissure is the cliff face of the upper hard ledge. As soon as this 
ledge is undermined a little more the separated mass will slump. 

Spurs.—The advance of the valleys has left little but the spurs 
of what was once a much larger mountain. The spurs are long, 
skeletal, and straggling. Perhaps the most striking spur is the 
southeastern end of the South Mountain, just above Oakdale, but 
the southwestern end of the mountain is also notable (Fig. 1). It 
is almost a semicircle, half a mile in periphery, with precipitous 


inner walls. Below the cliffs lie benches and hollows due to land- 
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remains but spurs. 
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The map shows that almost nothing of the mountains 
If the contour intervals were smaller they 


would show that the slopes are benched on account of the varying 


hirdness of the rock layers. 


There are three main benches, which 


caused by hard layers referred to in the rock section as the 


wer, middle, and upper hard ledges, respectively. 


)w as outcrops in the picture of Indian Knob. 


Work of the wind. 
s undercut the cliff as much as six feet. 


All the benches 


At the base of thick resistant layers the wind 
Undermining of the 





Fic. 1 


ile in periphery 


-~Southwest spur of South Mountain. 


It is almost a semicircle, half a 
with precipitous inner walls, and landslide topography below 


resistant layers causes the overhanging mass to be held in place 


by the shearing strength of the rock. 


5 eakness. 


the wind’s 


work. 


If there were caves along 
the zone of stress, rupture would be likely to follow the plane of 
The layers of interstratified sand and limestone show 
The wind has scooped out the sandstone for 


ight or nine inches, leaving layers of the limestone projecting to 


this extent. 


In a less arid and less windy climate these conditions 


might be reversed. 


Work of running water 


ind Jim 


Missouri, are the chief agents of erosion. 
Missouri River, particularly Knife River and its tributary, Spring 


Creek on the northeast, both 


tributaries of 


Charlie Bob Creek on the northwest, 


the Little 


The tributaries of the 
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Creek, drain the mountains to the south and southeast (Fig. 
From a distance the mountains appear to slope toward the north 
and northwest in long, smooth plains. Closer inspection, however 
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Leonard 


shows that these slopes are fragmentary, and that many are decapi- 
tated by the tributaries of the Little Missouri River. These 
creeks have extended their heads westward through the gap between 


the mesas, so that in some places parts of two drainage systems 
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iy be seen: west of the gap uplands sloping to the west and 
eams flowing to the east, and east of the gap eastward flowing 
reams and remnants of an eastward sloping upland. The streams 
;wing northward likewise have cut into these long slopes, but since 

heads of the streams have been working toward the south the 
tion has been less effective, for direction of slope in this region 
ikes a great difference in the rate of erosion. On steep, south- 


: a 
ties, “Ss = 





Fic. 3.—Indian Knob. This picture illustrates the withering effect of the sun’s 
ngth on the south slopes; it shows also the three hard ledges. 


facing slopes in western North Dakota grass scarcely starts before 
the intensity of the sunshine and the shallowness of soil cause it to 
wither. On north-facing slopes the difference is remarkable, the 
lesser heat of the sun permitting a luxuriant growth of grass and 
several varieties of trees. Trees grow on the northward facing 
slopes to the top of the divides, but on the mountain top and on 
the southern slopes, outside of sheltered valleys, there are no trees. 
Indian Knob (Fig. 3), a conical hill on the southern border of the 
mountains, illustrates the effect of the sun. The south side is bare 
and precipitous; the north slope is clothed with brush to the very 
top. With little or no vegetation to hold the soil on the south 
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slopes erosion is much more rapid than it is on the north. Thus 
it is that streams which work their heads toward the north erox 
more rapidly than those which flow northward. 

Rejuvenation of the drainage.—The north and northwest drainag 
down the upland slopes interosculates with the heads of the east 
ward flowing tributaries of Jim Creek, which have worked thei 
way round North Mountain both to the north and to the sout! 
They have cut off the heads of the upland slopes, leaving ther 
separated from the mountain tops, stranded remnants of an olde 
drainage system. This is indicated in Fig. 4. At present th 
chief agent of erosion is the Little Missouri River, whose tribu 
taries have a maximum fall of 1,200 feet in 6 miles. The uplan 
slopes show that there were once streams with a gradient much les 
steep. Previous to some pre-Wisconsin ice invasion, probably 
Kansan,‘ the Little Missouri River entered the Missouri through 
the valley of Tobacco Garden Creek’ (Fig. 2). The ice sheet 
ponded the waters of the Little Missouri, Yellowstone, and Mis- 
souri rivers, and caused them to overflow to the southeast. After 
the retreat of the ice sheet the Little Missouri River did not return 
to its old course, but flowed eastward, north of the Killdeer Moun- 
tains, across the divide between its old course and the Missouri. 
This change rejuvenated the drainage of the Killdeer Mountains. 
rhe present surface of the valley now occupied by upper Cherry 
Creek and Tobacco Garden Creek is about 150 feet above the pres- 
ent level of the Little Missouri River channel, and that valley is 
30 miles farther away from the mountains than the Little Missouri. 
Thus, before the glacial period, the Killdeer Mountains were not 
being eroded so rapidly as now, because the gradient of their 
drainage system to the northwest was only about 1,050 feet in 36 
miles in place of 1,200 feet in 6 miles, 29 feet per mile in place of 
the present 200 feet per mile. The captured streams and numerous 
decapitated slopes about the Killdeer Mountains resulted from the 
Little Missouri River being turned by the glacial invasion from its 


\. G. Leonard, Quar. Jour. Univ. North Dakota, VII (1917), 233. 
Frank A. Wilder, Geol. Surv. North Dakota, 3d Bien. Rpt. (1904), p. 119. Also 
U.S. Geol. Surv. Water Supply and Irrigation Paper 117 (1905), p. 43 \. G. Leonard, 


‘Pleistocene Drainage Changes in Western North Dakota,” Bull. Geol. Soc. America, 
XXVII 
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northward course along Tobacco Garden Creek to its present east- 
vard course 6 miles north of the Killdeer Mountains. 

Stream piracy.—Formerly the divide between the Missouri and 
the Little Missouri rivers followed the long axis of the Killdeer 


- 












































Fic. 4 \ representation of the change in a divide due to rejuvenation. The 
line of dashes denotes the position of the old divide between the Missouri and Little 
Missouri rivers. The dots and dashes indicate the present divide between two 
tributaries of the Little Missouri River. Note capture of the head of Charlie Bob 
Creek by Jim Creek, and the gorge cut in the old valley floor. 


Mountains from north to south; now it passes along the south 
stretch of the South Mountain from west to east. The maps (Figs. 
2 and 5) show what a considerable amount of stream capture 
attended the change. That part of the Little Missouri River 
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which flows east follows probably the valley of a smaller tributary 
the Missouri. Jim Creek, a tributary of the Little Missouri 
River, captured the head waters of Spring Creek, a tributary of 
1e Missouri. Then the captured additions of Jim Creek pushed 
ick into the gap between the two mountains until they cut off 
the head waters of Charlie Bob Creek, a fellow-tributary of the 
Little Missouri River. Fig. 4 shows the change in the divide 
etween North and South mountains, and the change in the 





Fic. ¢ View from the northeast end of South Mountain, looking toward North 
Mountain. A vertical line through the center of the picture indicates the locus of 


the old divide. Compare with Fig. 4, and note the decapitated slopes. 


course of the creek which flows from the north valley of South 
Mountain. 

Origin of the mountain features.—The character of the topog- 
raphy proves that the Killdeer Mountains are relict mountains 
greatly dissected by the ordinary agents of erosion. The rock 
strata are flat-lying and of unequal resistance. There are three 
strong layers which have given rise to the plateau tops and to two 
benches, one preserved only in the peaks, and one below the main 
table-land (Fig. 6). The decapitated slopes and the cases of stream 
piracy were caused by rejuvenation of the drainage due to a post- 
Kansan change in the course of the Little Missouri River. 
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STRATIGRAPHY 

The geologic formations which compose the Killdeer Mountains 
are of Cenozoic age. The whole of Dunn County is underlain by 
the Fort Union formation of the Eocene system; the upper 4oc 
feet of the strata forming the mountains is here referred to th 
White River formation of the Oligocene system. 

Fort Union formation.—In the region of the Killdeer Mountains 
the lower strata belong to the upper part of the Fort Union forma- 
tion. In general these beds differ from the lower members of the 
same formation by their darker color. As Leonard says, ‘‘ The 
upper beds are composed of rather dark gray sandstone and shale, 
with many brown, ferruginous, sandy nodules and concretions.” 
The beds are of possible value by reason of lignite and beds of high- 
grade, white, plastic clay.2. Other characteristics of these members 
of the Fort Union formation are carbonaceous shales, nodular 
ferruginous concretions, and many selenite crystals in beds of clay 
and shale. 

White River formation.—In contrast to the dark color of the 
upper Fort Union formation the southern exposures of the Killdeer 
Mountain sides are as white as chalk. Throughout the entire 
thickness of 400 feet of the upper strata there is scarcely a trace 
of carbonaceous material, especially no lignite. The clays are 
calcareous and low in plasticity. Unlike the firm-grained, com- 
pact fire clays of the Fort Union formation, the clays are crumbly 
in texture and so loosely packed that some are porous. Limo- 
nitic coloring and concretions, common in the Fort Union 
beds, are rare in the upper strata. The small amount of iron 
present is in the ferrous form, tinging the rocks pale green. Cer- 

hard sandstones and some of the clays and coarse sands are 
een. There are several layers of limestone, whereas, save 
in beds, limestone has not been reported as a phase of 
ormation in North Dakota. 
n the mountain sides are few and nowhere con- 


m to the top. Fossils are either very rare 


Dakota. sth Bien Rpi (1908), p. 45 


Geol. Surv. North Dakota, 4th Bien. Rpt. (1906), 
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or wanting in these deposits, none being found in spite of diligent 
search. Only three places were found where the contact between 
the Fort Union formation and the beds above is exposed. A dis- 
crepancy of 41 feet between the elevations of these places shows 
at the contact is uneven. Furthermore it is apparent that the 
Fort Union rocks were oxidized and eroded before the deposition 
the basal unoxidized stratum of the overlying formation. 
A generalized composite section of the younger formation, 
orked out from eight partial sections, is as follows: 


WHITE RIVER FORMATION, KILDEER MOUNTAINS, NORTH DAKOTA 


7. Pale-green, fine-grained, calcareous sandstone, interstratified 
vith subordinate amounts of marl, hard layers of white limestone, 
nd lenses of green, cherty sandstone. 97 feet. 

6. Upper hard ledge, a layer of ash-gray, arenaceous limestone. 
[n the southern part of the mountains there are green, cherty lenses 
nd layers of quartzite within this calcareous member. 6 feet. 

5. Chalklike, soft, arenaceous marl. 64 feet. 

4. Middle hard ledge, upholding the main plateaus. Greenish- 
gray, white weathering, interstratified limestone and friable sand- 
stone. Rootlike stringers of white calcium carbonate join the 
ayers of limestone through the sandy layers. In the north part 
of the mountains the ledge is almost solid limestone; in the southern 
utcrops the rock is sandy, porous, and apparently made up of 
crains of limestone and silica. 30 feet. 

3. Pale-green, friable, cross-bedded sandstone. In the southern 
outcrops it appears to be wind laid, but at the north end there are 
several layers of limestone with the sand. 30 feet. 

2. Lower hard ledge, a layer of pale-green, fine-grained, cal- 
careous sandstone, much like the middle hard ledge, but it is lime- 
stone near the north end of the mountains. ro feet. 

1. Green, crumbly, non-plastic clays, and green, fine and coarse, 
uncemented sands. At the southern end of the mountains there 
is a pebbly conglomerate layer one foot thick near the base of the 
member, and in a calcareous phase there are pebbles of limestone, 
quartz, and granite scattered sparsely throughout the rock. 170 
reet 
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Total thick: 

Most of the ro¢ 
Eolian. The rocks : 
friable, but some of the 
is chalcedonic and opali 
found; some are transparen 
white, and a few are dark brov 
grained appearance of silicified w: 

The limestone layers are all sili 
fine grains. Some of the limestone 
the constituent grains being distinguis 
One specimen of limestone taken from thx 
tains 47.7 per cent CaCO,, but the sand cont: 
of CaCO, below this figure in most of the rock 

The clays are characteristically pale green 
granular in texture, and but slightly plastic. When 
green clay is dropped into water it falls into fragments 
minute after a small piece is put into water it has disinteg 
very small flakes which have the appearance of a green, flo 
precipitate. When made into stiff mud and used as a plast« 
clay hardens on drying and serves the people of the district in pl: 
of lime. Although they call it “natural lime” and use it for mam 
purposes, even in place of putty to fasten glass in window sash, as 
mortar, and as a wall wash, the rock contains less than 2 per cent 
lime. 

Correlation with White River deposits —These rocks are uncon- 
formable on the Fort Union formation. The only sedimentary 
beds which are known to lie on the Fort Union formation in North 
Dakota belong to the White River formation. These beds are 
White Butte, Little Badlands, and Sentinel Butte deposits, all of 
which are similar to the Killdeer beds. White Butte deposits near 
Sandcreek post-office,, Billings County, were discovered by Cope 
in 1883. He wrote: “The beds, which are unmistakably of the 
White River formation, consist of greenish sandstone and sand 
beds of a combined thickness of about too feet. These rest on 
white calcareous clay rocks and marls of a total thickness of 100 


feet. These probably belong to the White River epoch, | 





fossils. 
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’« From the upper beds Cope collected several 
rtebrates, including species of Aceratherium and Oreo- 
describes these beds as “conspicuous, snow white 
irther he continues: ‘‘The White River group is 
vhite clays at the bottom, on which rests a coarse 

laces is filled with large pebbles; this is over- 

‘f calcareous clays which in turn are over- 


feet of fine-grained, greenish sandstone.” 
he reports the finding of an Eporeodon 
reports Mesohippus, Aceratherium, 

ils from the beds at White Butte. 
scarce, but enough fossils have 
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the highest point in the state, being 3,430 feet above sea-level. 
The other known remnants of the Oligocene formations lie near 
the top of the divide between the Little Missouri River and the 
eastward flowing tributaries of the Missouri. Starting at the 
Black Hills, South Dakota, and following the divide north one 
comes to the White River formation first in Slim Buttes, then 20 
miles farther north in the Cave Hills' deposits, which are only about 
40 miles south of the White River strata on White Butte. 

If one were to look for another remnant of the Oligocene beds 
to the north of the Black Hills he would continue logically in the 
direction of the known deposits, along the divide just outlined 
If the Oligocene deposits once extended over the Killdeer district 
the elevation of these hills is such that they might well contain 
remnants of these deposits. The Killdeer Mountains are about 
3,200 feet high and contain a thickness of almost 400 feet of Oligo 
cene-like beds. The beds on Sentinel Butte at an elevation of 
3,340 feet are only 40 feet thick. The thickness of the White Butte 
and Little Badlands deposits at lower elevations are about 320 
and 200 feet respectively. A still greater thickness of Oligocene 
deposits at the Killdeer Mountains is explained by the general 
northeastward dip of the Fort Union strata north of Dickinson, 
North Dakota. 

Because the deposits of the Killdeer Mountains are uncon- 
formable on the Fort Union formation, because they are similar 
in character to undoubted deposits of the White River formation 
less than 50 miles distant, and for physiographic reasons they are 
referred to the White River formation. 

Origin of the White River de posits.—Professor Cope’ wrote of the 
discovery of the White Butte deposits as ‘the locality of a new 
lake of the White River epoch.”’ Todd considers the White River 
beds of South Dakota to be lake deposits. Earl Douglass says: 

I have little doubt that the upper Tertiary deposits in North Dakota were 
also deposited in broad valleys of erosion. Much of the material of the deposits 
came from areas of granite and quartzite rock. In the region of the Black 


Hills are the only outcrops of these rocks for hundreds of miles; this, connected. 


. J. E. Todd, Geol. Surv. South Dakota, Bull. No. 2, p. 123. 


2 E. D. Cope, op. cit., p. 216. 3 J. E. Todd, op. cit., p. 60. 
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h the fact that a series of remains of Oligocene deposits have been observed 
extend from Dickinson to the Black Hills, suggests the probability that a 
er formerly flowed from the Black Hills northeastward through this region. 
this be true, there should be coarse sediments as the mountains are 
sroached, which is probably the case. Another thing which tends to con- 
) the idea that these are river valley deposits is the fact that, scattered 
r the plains, there are buttes apparently as high as White Butte, but which 


not capped by later Tertiary beds.’ 


owever, the apparent anomalous deposition on White Butte is 
plained by Leonard in another way: 

Che beds of the White River group are wanting on Black Butte, although 

urring at a considerably lower level only three miles to the west. In White 

itte they are, however, found resting directly upon the thick upper sandstone 
the Fort Union, which outcrops at several points near the base of the western 
ope of the western ridge, and also at its northern end. This sandstone here 
ps strongly to the east, so that within a distance of three miles its dip carries 
from the top of Black Butte to the bottom of the ridge on the opposite side 
the valley, where it is over 200 feet lower.? 

it is believed that the beds on Sentinel Butte are lake deposits, and 
hat some at least of the beds on White Butte are river deposits, 
specially the pebbly conglomerates. 

At the Killdeer Mountains the greater part of the deposit is 
listinctly lacustrine, but some of the layers are wind worked. At 
the southwestern corner, however, on the south side of South Pass 
in the SW. 3 Sec. 31, there are various remnants that suggest a river 
inlet. On the south face of this isolated hill there is an outcrop of 
coarse, yellow sandstone which is interbedded irregularly with 
bright-red, hematitic sandstone. It shows interrupted deposition 
by cross-bedding and lenses. This coarse sandstone is about 15 
feet thick, covered by finer, more loosely cemented, pale, yellow- 
gray sandstone. It is a small outcrop, extending about 200 feet 
and abruptly ceasing. Above the sandstone there are water-worn 
pebbles, as large as three inches in length, scattered over the surface. 
rhese were traced back into heavy limestone masses, which show 
pebbles widely scattered on weathered surfaces. In a few places 
there is a thin ledge of very coarse sandstone carrying small pebbles; 

* Earl Douglass, op. cit., p. 288. 


2 A. G. Leonard, Geol Surv. North Dakota, 5th Bien. Rpt. (1908), pp. 65-66. 














270 TERENCE T. QUIRKE 


“~ 









there is also a soft, sandy limestone of loose texture carrying grave! 
Similar pebbles and residual masses of limestone were found out 





of place on the lower slopes of the south side of Indian Knob, but 





the pebbly limestone could not be traced back to the rock still in 
place. Also, on the south side of North Mountain a few scattered 






pebbles of the same general description were found, but again not 





could be found in place. The pebbles are of quartz and igneot 





rocks, with many limestone pebbles, some of which are pale gree 





in color. It is conceivable that some of these pebbles were carrie: 
into the region where limestone and fine material were bein 
deposited by cakes of ice or in the roots of floating trees. But at 
the southwest end of the mountains the abundance of the grav: 
leads to the supposition that at that place there may have beer 
the debouchure of a river emptying into a lake. Furthermore th« 
lower hard ledge does not continue distinctly in the southwest enc 
of the mountains, whereas in the northern part it is almost solid 
limestone. From the fact that the limestone is more pure in the 
north end of the deposits it is argued that that end was farthest 
from the entrance of the river. Another item to support the sup 
position that the material was brought by rivers from the south is 
the fact that the gravels in White Butte are much coarser than any 
which have been found roo miles farther north in the Killdeer 
Mountains. If it is argued that these deposits were laid down in 
small lakes connected by a single river, it should be remembered 
that gravel could not have been carried through one lake and on to 
deposition in the next. And as there is gravel in the deposit in 
South Dakota, again 50 miles farther north in White Butte, and 
again 100 miles farther north in the Killdeer Mountains, it must be 
supposed that the gravels were already distributed along the course 
of the river by some earlier and uninterrupted stream. This 
accords with Douglass’ theory that the Oligocene deposits are in 
the channel of an earlier river. 

The alternate hypothesis is that only the lower beds represent 
the work of a river, and that the upper beds, which are free of gravel 
deposits, were formed in a lake which overlapped the river deposits. 
The scattered outcrops of Oligocene deposits are explained better 
as the remnants of an almost eroded formation than as deposits 
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of different lakes joined by a river or rivers, for the deposits are 
ind only near the top of the divides. They were once probably 
ntinuous and widespread. Furthermore the major part of the 
Killdeer deposits are of fine materials derived from a basin rich in 
estone. The fineness of the materials betokens long transpor- 
ion and thorough sorting, for the gravels are found only in the 
ver strata and only near the southern part of the deposits. The 
iestone layers are mechanical rather than chemical or organic 
posits. The stream supplying the Oligocene lake must have been 
ther swift to carry so much calcareous and siliceous mud, and 
must have come, without passing through any settling ponds, 
rectly from the limestone highlands in the south. 


CONCLUSION 


The Killdeer Mountains are relict mountains on the divide 
etween the Little Missouri and the Missouri rivers. They are 
eeply dissected by the tributaries of the Little Missouri River. 
[rosion has been hastened by the rejuvenation of the drainage due 
o a change in the course of the Little Missouri River. The change 
vas caused by the advance of a pre-Wisconsin ice sheet, probably 
Kansan. The change increased greatly the gradient of the streams 
lowing from the mountains and gave rise to many cases of stream 
piracy; hence there was rejuvenation without uplift. 
The upper strata of the mountains are correlated with the White 
River formation. This extends considerably the known distribu- 
tion of the Oligocene series. Study of the formation leads to the 
onclusion that some of the lower beds were deposited by a river 
ind that most of the rocks were laid down in a lake. The lake 
was fed by a river flowing northward from the Black Hills and 
transporting large quantities of calcareous silt from South Dakota 
to western North Dakota. 














PETROLOGICAL ABSTRACTS AND REVIEWS 
ALBERT JOHANNSEN 


Osann, A. “ Petrochemische Untersuchungen. Th. I,” Ab, 
Heidelberger Akad. Wiss., Math.-naturw. Kl., 1913. 4to, 16 
pls. 8. 


In this volume the author attempts to answer two important ques 
tions in chemical petrography. First, what are the laws of the chemica 
composition of igneous rocks, and what are the characteristics separatin; 
the rocks of the alkali series from those of the alkali-lime? Second 
what are the most important chemical differences between sediment 
and igneous rocks, and how may these be made of value in determining 
the origin of crystalline rocks ? 

To answer these questions, use is made of nearly thirteen hundred 
chemical analyses. The relationships between the oxides which vary 
most in their proportions in sediments and igneous rocks and which are¢ 
also of value in comparing the igneous rocks, have been determined 
Molecular proportions are used and recomputed to a constant sum so 
that they may be diagrammatically compared. Unimportant and acces- 
sory constituents are omitted, but TiO, and ZrO, are added to SiO,, 
BaO and SrO to CaO, and MnO to iron, which is calculated as FeO 
Che four relationships computed are: 

1. SiO,:Al,0,:(Fe, Mg, Ca)O=SAIF proportions. In this series 
the alkalies are entirely omitted. In sedimentary rocks this relation- 
ship leads to a grouping in three classes; siliceous, aluminous, and cal- 
careous. 

2. Al,O,:CaO:(Na,K),O=AICAIk proportions. This shows the 
more important differences between sediments and igneous rocks, and, 
in combination with the preceding, the characteristic differences between 
the alkali and alkali-lime series. 

3. Na,O:K,0=NK proportions. Recalculated to ro. 

4. MgO:CaO= MC proportions. Recalculated to to. 

Che last two are of importance in separating igneous rocks from 
sediments 

Che first two may be represented graphically in a triangular diagram 
ifter recalculation to 30. The results are plotted to the nearest o.5. A 
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recalculation to 1oo and representation to the nearest whole number 


seems simpler to the reviewer, especially if the calculation is performed 
i slide-rule 
Pp. 68 to 161 are devoted to nearly 1,300 analyses recomputed to 
se four values; the chemical values used are taken from Osann’s 
mer tables and are referred to by number. In Table I the rocks are 
inged according to the decreasing S, increasing Al, and decreasing F 
ues; in Table II according to the AICAlk values. Table III is 
unged under the ordinary rock-names, the SAIF, etc. values being 
en as well as references to the literature. 
Of all the analyses computed, only two coincided in all four relation- 
ps, namely, the quartz-monzonite from Elkhorn, Montana, and an 
erage of four analyses of the Butte “granite.” Since the two rocks are 
m the same batholith, the similarity is not surprising. 

To follow the discussions of the various relationships, it is necessary 
look at the accompanying diagrams. No attempt, therefore, will be 
ide to summarize them here, and the reader is referred to the original 
iper. 

While the present work deals only with the igneous rocks, a number 
examples of sedimentaries and crystalline schists are given for com- 
rison. A second part, dealing with sediments and schists is to follow. 

This work represents an enormous amount of patient labor. It 
ould be of extremely great value for the visualization of chemical 
tterences in rocks. "i 
Osann, A. “Uber topische Gesteinsparameter,”’ Sitzb. Heidel- 

berger Akad. Wiss. Math.-naturw. Kl., 1914, A 26, pp. 15, 

pls. 3, fig. 1. 
Rocks of a petrographic province, or from a rock-mass showing 
nal or other differentiation, or from any igneous body and its satellites, 
when plotted in a triangular diagram after Osann’s well-known system, 
show clearly their mutual relationships. If it is desired to show the 
general relationships of any igneous to the average igneous rock, it is 
nly necessary to indicate the latter by a point properly placed. In this 
paper the mean of Clarke’s and Washington’s average rocks is taken 
ind is recalculated in the Osann system. This gives a rock not far 
from the pyroxene-amphibole-biotite-diorite from Electric Peak. The 
latter, however, has more dioritic characters, the former more mon- 
onitic. To show more clearly the variations of other rocks from this 
mean, it is shifted to the center of the triangle and the co-ordinates 
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of the other rocks are recalculated by dividing their A, C, and F val 


by the same values in the average rock. The new values are indicat 


by A; Cy and F;, and are called “topical” parameters. As recalculate, ' 
the plutonic rocks lie equally distributed in each quadrant of the figu 


Osann, A., and Umuaver, O. “Uber einen Osannithornblend | 
ein feldspathfreies Endglied der Alkalireihe von Alter Pedroso,”’ 
Sitsb. Heidelberger Akad. Wiss., Math.-naturw: Kl., 1914, A 1 
pp. 10, pls. 2, bibliography, analyses. 

Description of narrow, black dikes occurring in a light-color 
alkali-syenite in Portugal. The rock consists entirely of amphilx 
osannite) with a little magnetite; light-colored constituents, biotit 
and pyroxene are entirely wanting. 


PALMER, HAROLD S. “Geological Notes on the Andes of North 

western Argentina,’’ Amer. Jour. Sci., XX XVIII (1914), 309 

20, figs. 9. 

This paper gives the results of a reconnaissance trip from Salta 
Argentina, to Calama, Chile. The author finds evidence of the deposi 
tion of Paleozoic sediments, their later metamorphism during or following 
the intrusion of granite and granite-porphyry, subsequent erosion, depo 
sition of Jurassic sediments, a period of vertical movements which 
folded and faulted the rocks, and a period of great volcanic activity, 
beginning in the Tertiary and continuing till recent times, during which 
rhyolites and andesites were erupted. There is evidence of some 


glaciation in the Eastern Cordillera. 


Prrsson, L. V. ‘The Microscopical Characters of Volcanic Tuffs 
A Study for Students,” Amer. Jour. Sci., XL (1915), 191 

211, figs. 6. 

Che author points out the difficulty in determining the tuffs when 
they have become altered by weathering, by burial under later sediments, 
or by metamorphism, and the difficulty in determining whether such 
rocks are igneous or sedimentary. No systematic or adequate treat- 
ment of the tuffs being given in petrographic textbooks, he tells his 
own experience in studying them. 

Fragmental volcanic material is classified, according to the size of 


the material, into bombs, lapilli, ashes, and dust. The coarser material 
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when consolidated produces breccias, the lighter ashes and dust, tuff. 
The term volcanic conglomerate should be restricted to water-laid con- 
merates consisting of volcanic material; volcanic agglomerate to 
the coarse material filling the upper portions of old volcanic conduits. 
\ lcanic tuffs may consist of glass (vitric tuffs), crystals (crystal tuffs), 
or fragments of rocks which may be holocrystalline or partly glassy 
hic tuffs). 
Under the head “Vitric Tuffs’’ the formation of ffs, the forms 
the particles, the appearance of a thin section «_ consolidated tuff, 
shapes of the individual dust particles, the texture of the rock and 
magmatic relations of the material are considered, while under 
‘rystal Tuffs’’ the origin of the crystals, their form, and the inter- 
tial fillings, and under “Lithic Tuffs’’ the origin, appearance, and 
aracter are described. Although these type tuffs may occur, it is 
re common to find transition rocks. The author concludes his 
iper with a discussion of the alteration of tuffs, including their weather- 
g and consolidation, devitrification, and metamorphism. 


Prrsson, L. V. “Geology of the Bermuda Island,” Amer. Jour. 

Sci., XX XVIII (1914), 189-206, 331-44, figs. 2, analysis 1. 

This is a geologic and petrographic study of material obtained from 

. bore hole, 1,413 feet deep, in Bermuda. Roughly, the section, begin- 
ning at the top, shows chalky Bermuda limestone to 380 feet, sea-level 
eing 135 feet below the surface. Between 380 and 590 feet the hole 
passed through fragmental*volcanic material, greatly altered, soft and 
lavlike with harder inclusions. From 590 to 695 feet the material 
is sand and gravel composed of water-worn volcanic débris. Beginning 
it 695 feet there is a series of lava flows, basaltic in character, dense 
and black to gray, and amygdaloidal at the tops. The separating lines 
between the flows are at 695, 850, 1,002, 1,080, 1,200, 1,385, and 1,413 
feet, the latter the bottom of the well. 

From the character of the material overlying the solid lava, the 
conclusion is drawn that Bermuda was once a volcanic island which was 
entirely cut away to the level of the sea by wave-action, and subse- 
quently formed the platform for the growth of a coral island. 

A petrographic study of the material collected from the well was 
made difficult by the fact that a churn-drill was used, consequently 
the material was in a finely divided state. The lava consists of two kinds, 
both belonging to the alkali series: (a) feldspar-free basalts, including 
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melilite-basalt, and (6) extrusives related to monchiquites and lampro- 
phyres. For one of the latter, consisting of small biotites in a cement 
of analcite, which in sections from farther down is apparently nephelite, 
the name bermudite is suggested. 


POWERS, SIDNEY, and LANE, ALFRED C. ‘“‘ Magmatic Differentia 
tion in Effusive Rocks,” Bull. Amer. Inst. Min. Eng., 1916 
535-48, figs. 4. 

From a series of drill cores taken from the Triassic basalt flows « 
Cape d'Or, Nova Scotia, the authors have had thin sections and chemica 
analyses made from material taken at different depths. They found 
that there is a concentration of the leucocratic, feldspathic constituent: 
at the top of the flow, a slightly greater percentage of augite in the center, 
and of feldspar near the base. Further, there is a large amount of glass 
at both top and bottom, but more at the top, a rather uniform quantity 
of iron ores throughout, and a certain amount of olivine only at the 
top. The top and bottom of the flow were quickly chilled, and contain 
almost equal amounts of feldspar and augite. They probably show the 
original composition of the magma. With respect to the grain, it was 
found to differ in various places in thick flows. It is coarsest just below 
the center where the cooling was slowest, and more or less glassy at 
top and bottom. The specific gravity was found to be greatest just 
below the center, least at the top, and of intermediate value at the base. 


Powers, SIDNEY. ‘The Geology of a Portion of Shelburne Co., 
Southwestern Nova Scotia,” Trans. Nova Scotian Inst. Sci., 
XIII (1915), 289-307, figs. 3. 

Granites, quartz-diorites, and aplitic granites, intruded into 
sediments during Middle Devonian diastrophism, produced extensive 
contact-metamorphism, staurolite-schist being developed ten miles 
from the nearest granite outcrop. Two analyses, computed from the 


rock mode, are given. 


QuENSEL, P. D. ‘“Geologisch-petrographische Studien in der 
patagonischen Cordillera,’ Bull. Geol. Inst. Upsala, XI (1911), 
1-114, figs. 27, pls. 4, map 1, bibliography, analyses. 

This paper gives the results of a remarkable reconnaissance journey 
taken along the Patagonian Andes from north to south by Doctors 
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kottsberg, Halle, and Quensel, and constitutes the inaugural disserta- 


tf 


tion of the latter at the University of Upsala. No attempt was made 
to map the formations in detail, it being thought more desirable to cover 
a greater area with less accuracy. A great number of rocks are described, 
both alkali and alkali-lime, and numerous analyses are given. Among 
the rocks are biotite-monzonite, quartz-monzonite, kentallenite, nord- 
irkite, quartz-mica-diorite, tonalite, tonalite-porphyry, biotite-granite, 
onzite-orthoclase-gabbro, = granite-porphyry, quartz-hypersthene- 
rite, essexite, essexite-gabbro, quartz-essexite-diabase, comendite- 
inophyre, hornblende-akerite, essexite-porphyrite, camptonite, trachy- 
lerite, and hypersthene-andesite. 


JUENSEL, P. D. ‘Die Quarzporphyr- und Porphyroidformation 
in Siidpatagonien und Feuerland,” Bull. Inst. Upsala, XII 
(1913), 9-40, figs. 12, analyses. 


QuENSEL, P. D. ‘The Alkaline Rocks of Almunge,” Bull. Geol. 
Inst. Upsala, XII (1914), 129-200, pls. 12, map 1, analyses. 
The alkaline rocks of Almunge represent a deep-seated section of the 
conduit through which magma flowed for some time, as indicated by 
ontact metamorphism of the surrounding rocks. The central mass of 
imptekite is surrounded by a rim of aplitic material. Within the main 
body, mostly in the eastern portion, are small areas of nephelite-syenite 
containing a high percentage (7 to 8 per cent) of lime. This lime does not 
enter into the feldspar, which is orthoclase and very sodic plagioclase, 
but is contained in the dark minerals. For this rock the author proposes 


the name canadite. 


Rankin, G. A. “The Ternary System CaQ-Al,O,-SiO.,” Amer. 
Jour. Sci., XX XIX (1915), 1-79, figs. 19. With optical study 
by Fred. E. Wright. 

While numerous papers on the CaO— Al,0,—SiO, system have been 
published, all of them have been incomplete. This paper contains a 
summary of work performed, and is the first attempt to determine all 
of the compounds, both binary and ternary, in this system. The equi- 
librium diagram representing the stability relations contains 14 fields. A 
list of the compounds obtained, with their crystal system, crystal habits, 
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cleavage, hardness, elongations, orientations, refractive indices, optical 






characters, and axial angles is given. There are also lists giving the 






compositions, transformation-points, and melting-points. 







RicHArps, H.C. ‘The Volcanic Rocks of South-Eastern Queens 
land,” Proc. Roy. Soc. Queensland, XXVII (1916), 105-204, 
pls. 11, including one map, and many chemical analyses. 






















The area here described embraces some 4,000 square miles in south 
eastern Queensland. The region was one of considerable igneous 
activity, the volcanic products being approximately 3,000 feet in thick 
ness and divisible into three well-marked series. The upper divisior 
has a maximum thickness of 2,000 feet and is made up of basalt, andesiti: 
basalt, and basalt flows. Some pyroclastic material occurs. The 
middle division has a maximum thickness of 1,000 feet and is made up 
of flows and plugs of acid and sub-acid lavas and considerable pyro 
clastic material. The lower division has a maximum thickness of 1,500 
feet, though it averages only 1oo feet, and is made up mainly of basic 
lavas with some andesite. With the exception of the Brisbane tufts, 
the age of the flows is Cainozoic. The genetic relationship between the 
rocks is shown by various diagrams. The author thinks that the alkaline 
rocks in this region were not formed by the assimilation of limestone, 
and does not find evidence of the association of sub-alkaline rocks with 
folded earth movements. 


RINNE, F. ‘“Beitrage zur Kenntnis der Kristall-Réntgeno- 
gramme,’ Ber. math.-phys. Kl. k. sachs. Gesell. Wiss. Leipzig, 
LXVIT (1915), 303-40, figs. 27, pls. 20. 

Describes apparatus used and gives results obtained by the examina- 


tion by the Réntgen rays of variously oriented crystals. 


RINNE, F. ““Metamorphosen von Salzen und Silikatgesteinen,”’ 
Jahresb. d. Niedersichs. geol. Vereins z. Hannover, 1914, 
252-00. 

Shows the effects of hydro-, hydrothermal-, pressure-, and 
hydrothermal-pressure-metamorphism on salt deposits, and compares 
the results with those produced in silicate rocks. The causes and the 
results produced in the salt alterations are broadly the same as those 
produced in the silicate rocks. 
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RINNE, F. “Beitrag zur optischen Kenntnis der kolloidalen 

Kieselsdure,”’ Neues Jahrb. Min., Geol., u. Pal., B.B. XXXIX 

1914), 388-414, figs. 12. 

Describes apparatus and results obtained by the examination at 
ferent temperatures, between —600° and +1000°, and by light of 
ifferent wave lengths, of various amorphous silicates, such as quartz- 

class, hyalite, precious opal, moldavite, obsidian, and marekanite. It 
as found that these substances fell into two groups, water-free or 
iter-poor, and water-rich. In the former the refractive indices pro- 
essively increased with temperature changes, while in the latter they 
creased to the neighborhood of o° and then decreased. 


RINNE, F. “Die Kristallwinkelveranderung verwandter Stoffe 
beim Wechsel der Temperatur. I,” Centralbl. Min., Geol., u. 
Pal., 1914, 705-18, figs. 9. 

With the apparatus described in the preceding paper, the author 
found that the angle of the rhombohedron (1011) in calcite, dolomite, 
siderite, and rhodochrosite increased with increasing temperature. 
Above o° the curve is a straight line, below o° it is slightly curved. The 
plagioclase feldspars show a decrease in the angle oo1—o10 with increasing 
temperature. Albite shows the greatest change, anorthite the least. 
[he curves are very flat at low temperatures and rapidly drop at high 


temperature 5. 


ScumipT, Epvarp. ‘Die Winkel der kristallographischen Achsen 
der Plagioklase,’’ Chemie der Erde, I (1915), 351-406, figs. 13, 
bibliography. 


\ study of the plagioclase feldspars, unusually valuable since the 


material was analyzed. There are new determinations of the cleavage 
angle (oo1):(o10), which show that this angle is a linear function of the 
An. content. The specific gravity determinations, with one exception, 
agree very well with the determinations made by Day and Allen on 


artificial feldspars. The value for the labradorite from Labrador is 


given as 2.689+0.003, and its composition as An. between 49 and 50; 
the artificial feldspar Ab,An, gives a value, according to Day and Allen, 
of 2.679. The material from Labrador, however, was zonal, and the 


An. percentage as computed from the silica, lime, alkalies, etc., varied 
between 44.5 ind s5 .0. It is possible, therefore, that the anorthite 
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percentage should have been taken higher. There are also new values 
for the angles between crystallographic a and ¢ (8) and between a and 
b (y). Query: Is not the anorthite cited as from the Bonin Islands, 
Japan, from Miyaké-jima instead ? 


SCHOFIELD, S. J. “The Origin of Granite (Micropegmatite) in 
the Purcell Sills,’ Canada, Dept. Mines, Museum Bull., No 
Geol. Series, No. 13, 1914, pp. 32, figs..4, pl. 1. 

The Purcell sills represent, according to the author, intrusions fro 

a single intercrustal reservoir, which he apparently believes contain: 

the magma already differentiated according to density, the relative! 

acid portion collected in irregularities and projections of the roof of t! 

chamber and grading downward into more basic materials. Crusta 

movements produced fissures which tapped the reservoir at variot 

levels, so that acid and basic materials would rise through separat 

fissures and spread between the overlying strata as sills. The sill 
themselves are simple or composite. The former solidified in the usua 
manner of intrusives; the composite sills differentiated in place, som« 
of them having basic upper and lower contacts and an inner portio! 
which is more acid in the upper part and more basic in the lower. Thi 
composition of the sills may be slightly modified by assimilated materia! 
derived from included fragments or from the inclosing rock. 


SCHOFIELD, S. J. “The Pre-Cambrian (Beltian) Rocks of South 
eastern British Columbia and Their Correlation,’ Canada 
Dept. Mines, Museum Bull., No. 2, Geol. Series, No. 16, 1914 
pp. 13, map 1. 

Scuwarz, E.H.L. ‘The Granite Dykes of the 3,520 Foot Level 
Kimberley Mine,” Trans. Geol. Soc. S. Africa, XVII (1914), 
3-23, fig. 1, pls. 4. 

SEDERHOLM, J. J. “On Regional Granitization (or Anatexis),” 
Congres géol. intern., Canada, 1913. Pp. 6. 

\ study of migmatites and the processes by which granites work 


their way into adjacent rocks. 


SHAND, S. J. “On Veins and Inclusions in the Stellenbosch 


Granite,” South African Jour. Sci., 1913, pp. 5, pls. 3. 


Describes various types of veins and inclusions in granite. 
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es SHAND, S. J. “On Saturated and Unsaturated Igneous Rocks,” 
d Geol. Mag., X (1913), 508-14. 
Saturated, or sated, minerals are those which are capable of forming 
the presence of free silica; unsaturated, or unsated, are those which 
not appear in association with free silica. Among the former are 
hoclase, albite, anorthite, pyroxenes, amphiboles, micas, tourmaline, 
essartite, topaz, titanite, magnetite, ilmenite, apatite, zircon; among 
latter, leucite, nephelite, sodalite, noselite, analcite, cancrinite, 
\uynite, melanite, melilite, olivine, pyrope, picotite, corundum, and 
rovskite. 


SKEATS, ErNest W. “The Occurrence of Nepheline in Phonolite 
Dykes at Omeo,” Australasian Assoc. Adv. Sci., XIII (1912), 
126-30, map I. 

Previously reported occurrences of feldspathoids in Victoria are 
own to be undemonstrated or inaccurate. Here are described several 
ionolite dikes from near Omeo. The texture is trachytic, the minerals 


la orthoclase, nephelite, and aegirite. 


SKEATS, ErNEst W. “The Geology and Petrology of the Macedon 
District,’ Bull. Geol. Surv. Victoria, No. 24. Melbourne, 
1912. Pp. 58, pls. 28, map 1, analyses. 

This paper gives a short geologic history of the Macedon District, 

40 miles northwest of Melbourne. The principal part of the paper, how- 

ver, is devoted to the petrology of the region. The rocks described are 

dacites, granodiorites, granodiorite-porphyries, solvsbergites, trachytes, 
mburgites, anorthoclase-basalts, basalts, various metamorphic rocks, 
ind two rocks described as macedonite and woodenite. Both are 
elated to orthoclase-basalts and mugearites. The macedonite is dense 
ind fine-grained with megascopically visible biotite flakes. The minerals 
hown microscopically are alkali feldspar, anorthoclase( ?), acid plagio- 
clase, biorite, olivine, hornblende, augite, apatite, calcite, chlorite, 
erpentine, and chrome spinel. The woodenite is a dark, dense rock 
msisting of augite, magnetite, and olivine in a groundmass of dark 
glass. It agrees closely in chemical composition with absarokite. 
l'wenty-nine analyses are given of the various rocks, and they are recom- 
puted in the C.I.P.W. system. The sequence of the alkali rocks in this 


listrict is discussed. 
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SOBRAL, JosE M. 
Region. Upsala, 1913. Pp. 178, pls. 12, map 1, fig. 1, many 


Contributions to the Geology of the Nordingrié 


analyses. 

The rocks of the Nordingra district belong to three different geologi: 
epochs. The oldest is composed entirely of igneous rocks—anorthosites 
gabbros, and granites—and is of most importance. The second group 
consists of Jotnian quartzite and sandstone; the third of more recent 
diabases and monzonites intruding and covering the sandstone. Th 
topography of the region is due in part to faults, some of the firths and 
valleys certainly having been caused by dislocations, but the consolida 
tion of the magma and the composition of the igneous rocks have had th« 
greatest effect upon the land forms. 

Analyses are recalculated into the C.I.P.W. and Osann systems. 

\ new dike-rock, consisting essentially of albite and augite wit! 
titanite, magnetite, and apatite, is described and analyzed. The author 


calls it virnsingite. An analysis is given. 


Somers, Ransom Evarts. “Geology of the Burro Mountains 
Copper District, New Mexico,” Bull. ror, Amer. Inst. Min 
Eng., 1915, 957-96, figs. 25. 

This paper deals chiefly with the economic geology of the region, 
although a few pages are devoted to the general geology and the igneous 
rocks which occur. Among the latter are granite, quartz-porphyry, 


quartz-monzonite, and volcanic breccias. 


SoMMER, MARTIN. “Beitrag sur petrochemischen Kenntnis des 

Lausitzer Granitmassivs,’ Ber. k. sdchs. Gesell. Wiss., 1915. 

Pp. 71, pls. 4, including one map. 

The Lausitz granite area to the east of Dresden consists of twelve 
varieties of granite; a normal granitite, a normal granite, and ten other 
varieties. All but one of these varieties were analyzed, and these, as 
well as a number of older analyses, are given. The molecular percentages 
are computed and the results plotted in Osann’s ACF, SAIF, and AICAIk 
diagrams and in FeCaM, CaNaK, and M.0, MO M.0 triangles. All of 
these clearly show the relationships between the various granites, for 
the points lie practically along straight lines, or within small circles. 


Che relationships between the different rocks are discussed. 
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The Origin and Evolution of Life on the Theory of Action and 
Interaction of Energy. By Henry FAIRFIELD OSBORN. 
Charles Scribner’s Sons. Pp. xxi+322. Large 8vo. 

This striking book is an elaboration of a series of lectures given as 
Hale Lectures of the National Academy of Sciences, Washington, 
ril, 1916. It is essentially an exposition of the author’s “tetrakinetic 


eory,”’ perhaps the most ambitious and comprehensive causo- 
echanical theory of evolution since that of Darwin. Unlike most 
eories of evolution, which posit life already begun and deal with its 
bsequent evolution, the present author begins with a consideration of 
e lifeless world and discusses the physicochemical factors that favored 
e origin of living matter. 

The viewpoint is avowedly dynamic and energistic throughout, and 
therefore completely in accord with modern tendencies in biology, 
hich are becoming progressively less morphological and more purely 
vsiological. 

The author has called into consultation many leaders in the various 
anches of science, including physics, physicochemics, immunology, 

eophysics, geochemics, astronomy, physiography, bacteriology, cytol- 

genetics, etc. The expert opinion of this competent group has 
een focused upon the solution of the problems in hand. No important 
ody of knowledge that might bear on the subject is omitted or 
ey aded. 

In brief the author’s “tetrakinetic theory” of evolution is that all 

evolutionary changes are the result of the continuous interaction of four 
nergy systems, two of which are intrinsic or within the organism, and 
two extrinsic or outside of the organism. These four energy systems are: 

1. Inorganic environment: the physicochemical energies of space, 

of the sun, earth, air, and water. 

2. Organism: the physicochemical energies of the developing 
idividual in the tissues, cells, protoplasm, and cell-chromatin. 

3. Heredity-germ: physicochemical energies of the heredity chro- 

matin, including the reproductive cells and tissues. 

4. Life environment: physicochemical energies of other organisms. 


Q 
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The first and fourth factors are what we have usually called the 
environment and the second and third are what we have called heredit) 
According to the conventional view each generation of individuals is th« 
result of the co-operation of heredity and environment. There is ther: 
fore nothing essentially new about this classification of energy complex 
What is really new is the consideration of these factors in terms of energy 

The inorganic environment is described as so highly adapted fi 
organisms that the non-existence of the latter would be well-nigh incor 
ceivable. In this the author follows closely L. J. Henderson and T. ¢ 
Chamberlin. The organism is viewed as a system of parts each affecting 
the growth of the others through the instrumentality of ‘“ chemical mes 
sengers’’ or hormones. It is this interaction of energies that give 
organization to the individual and limits its size as a whole and the 
relative size of its parts. Gradual changes in the activity of one gland 
may alter quantitatively or qualitatively the chemical messengers pro 
duced by it, and progressive changes in one or many structures may 
result. 

The heredity-chromatin of Osborn is evidently much like that of 
Morgan and his collaborators, with all of its intricate organization and 
its mechanism for producing new assortments of characters. The treat 
ment of this energy system is a trifle vague and mystical in that it is 
supposed to go on its evolutionary way in a highly conservative fashion, 
guided only to a very limited extent by other energy complexes. Its 
changes are orderly and from generalized to specialized. Once the 
chromatin becomes specialized it cannot reverse and return to a gen- 
eralized condition. The slow, orderly, self-contained changes of the 
heredity-chromatin are supposed to account for the orthogenetic phe- 
nomena so common in paleontological materials. 

The “life environment” is, in a sense, a restatement in energy terms 
of Darwin’s idea of the struggle for supremacy and survival of the fittest, 
but the struggle is inter- rather than intra-specific. Every environmental 
complex is a battleground on which the various groups that have become 
specialized for that particular complex struggle for space to multiply. 
One group may perfect an offensive equipment, another a defensive 
armament. Either type may go to extremes of specialization, so that 
a radical change of environment may find them nonplastic and irrevers- 
ible. This is the author’s explanation of many unaccountable extine 
tions. 

Part II of the book is an application of the principles discussed in 
Part I to the evolution of the various animal groups. It must suffice 
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1ere merely to give the titles of the chapters: chap. iv, “The Origins 
Animal Life and Evolution of the Invertebrates’’; chap. v, “ Visible 
Invisible Evolution of the Vertebrates”; chap. vi, “Evolution of 
ody Form in the Fishes and Amphibia’’; chap. vii, “ Form Evolution 
he Reptiles and Birds”; chap. viii, “‘Evolution of the Mammals.”’ 
[he author is consistent throughout in viewing the organism as an 
rgy complex. A great carnivorous Tyrannosaurus, for example, is 
sen as a culmination of the offensive type of energy complex, while 
horned herbivorous dinosaurs, known as Ceratopsia, are viewed as a 
nsive energy complex. The evolution of these two highly specialized 
plexes is an example of the “counteracting evolution”’ of offensive 

| defensive adaptations. 
The book is so full of meat that the reviewer finds himself at a loss 
do it justice in a limited space. So many stimulating suggestions 
made in every chapter, indeed on almost every page, that one must 
| it carefully to get its full import. While there are many points 
t invite controversy, it must be borne in mind that the evident inten- 
1 of the author is merely to establish a new threshold for departure, 
to make an exhaustive explanation of evolutionary phenomena. 
ie way toward future research in many lines is pointed out and a con- 
uctive plan for future work is outlined. This in itself is a contribu- 
n of the highest importance, since it places a new milestone beside 
it long and ancient highway of “the evolution of the evolution idea.” 


H. H.N. 


rganic Evolution, a Text-Book. By RicHARD SWANN LULL. 
New York: Macmillan, 1917. 

This compact volume of seven hundred and twenty-six pages and 
irly three hundred figures, by the distinguished professor of vertebrate 
leontology of Yale University, is one of the most satisfactory texts 
organic evolution known to the writer. Especially satisfactory is it 
from the side of paleontology, and paleontology is and must remain the 
earing house of all evolutional theories and doctrines. It treats of the 
story of the evolutional doctrine; the accepted and disputed factors 
f organic evolution; and the evidences of evolution, drawn from living 
nd fossil organisms, including the origin of vertebrate life and of its 
lief groups; the adaptation, especially of vertebrates, to terrestrial, 
irsorial, volant, aquatic, desert, and cave life; the evolution of some of 
e best known types of mammals, the horses, elephants, camels, and, 
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in the final chapter, of the evolution of man himself. Nor does this brief 
summary of the contents of the volume include instructive chapters « 
the physical basis of life, classification of organisms, the geologic 
geographical, and bathymetrical distribution of organisms, and on th 
extinct dinosaurs in particular. 

Few available sources of information have been overlooked, and 
an attentive reading of the book the reviewer has found very few mi 
statements of facts. Various disputed theories of the origin of organisn 
or their functions are discussed, but the author, commendably, has n 
ventured many himself. 

In a few words the work is an excellent summary of the theorie 
facts, and factors of evolution, adapted especially to the needs of tl 
student and presented in a readable way. The geologist as well as tl 


biologist will find it of interest. 


S. W. W. 


Geology and Geography of the Galena and Elizabeth Quadrangles 
By A. C. TRowsBripGeE and E. W. SHAw, with chapter on thi 
“History of Development of Jo Daviess County,’’ by B. H 
SCHOCKEL. Illinois State Geol. Survey, Bull. 26, 1916. Pp 
233, pls. 25, figs. 50. 

Che district lies in the extreme northwest corner of Illinois, almost 
entirely within the Driftless Area. The lead and zinc deposits having 
been described in previous reports, the present writers discuss the 
general geology of the region and the processes which have produced 
its topographic features 

rhe Platteville limestone, Galena dolomite, Maquoketa shale, an: 


} 
} 


Niagara limestone outcrop within the quadrangles; deep wells have 
penetrated the Potsdam, Prairie du Chien (=Lower Magnesian) and 
St. Peter formations. The Quaternary deposits include fluvio-glacia! 
terrace materials, more or less isolated areas of loess, a small area of 
[llinoian ( ?) drift, and recent valley alluvium. 

Che work of wind, ground water, and stream erosion are discussed 
at length. The origin of two surface levels above the present valleys 
is considered, and though the evidence collected here is not decisive 
proof of peneplain origin, data from adjoining districts warrants the 
acceptance of that hypothesis. The age of these surfaces is uncertain. 
Following Salisbury, the writers suggest that the Niagara flat is of 


Pliocene age and the Galena flat earliest Pleistocene. 
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In chap. x, on the history of development of Jo Daviess County, 
lead-zinc mining industry is recognized as the cause of the early 

tlement and development of the region. The rough topography and 

itively thin and infertile soils of the Driftless Area make agriculture 

s profitable here than in the surrounding glaciated country. 


H. R. B. 


ology of the Navajo Country. A Reconnaissance of Parts of 
Arizona, New Mexico, and Utah. By HERBERT E. GREGORY. 
U.S. Geological Survey, Professional Paper No. 93. 4to, 
pp. 161; maps. 

This useful and valuable summary of Professor Gregory’s long 
idies of the Navajo country covers an area of more than twenty thou- 
nd square miles, a region inhabited almost exclusively by the Navajo, 

opi, and San Juan Indians. The report deals fully with the geography, 
ratigraphy, igneous rocks, structure, physiography, and economic 
ology of this little-known region, and is illustrated with numerous 
otographs and two pocket maps of the geography and geology. 

The sedimentary rocks, from the Pennsylvanian to the Eocene, with 
irt of which at least the reviewer has some acquaintance, are treated 
<tensively in their various subdivisions. The descriptions and illus- 
rations will serve as an excellent guide to the future explorer. Their 
rrelation is in part one of peculiar difficulty because of the absence of 
haracteristic fossils. Permian strata are identified with doubt. No 
ssil vertebrates have hitherto been discovered in this region, but the 
eviewer confidently believes that they will be in future, probably in 
1e lower part of the Moenkopi and underlying formations. The strata 
eferred to the De Chelly formation are certainly higher than the fossil- 
erous Permian beds farther east, and might with equal propriety be 
alled Lower Triassic. The Shinarump conglomerate, lying below 
pper Triassic strata, as determined by their vertebrate fossils, is not 
nly widespread throughout this region, but is identified with assurance 
vy the present writer as far north as the Wind River Range in western 

Wyoming. It seems everywhere to be a reliable guide to the fossil- 
ferous Triassic beds immediately above it. The fossil-bearing Chinle 
eds of the Upper Triassic are doubtless equivalent in age to those called 
yy the writer the Popo Agie beds some years ago. Their description is 


haracteristic. 
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So also the Jurassic is recognized with doubt in the Navajo, Toldito, 
and Wingate sandstones of from four hundred to fifteen hundred feet in 
total thickness. Doubtless they include the equivalent of the Baptano- 
don beds of Wyoming, which in the southern part of that state are also 
represented by massive sandstones. But just how much of these sand- 


stones will prove to be of Jurassic age is doubtful. The McElmo, which 


farther east may be represented by dark-colored shales, is also doubt- 
fully located in the Jurassic. It probably includes the equivalent of the 
Morrison beds, which from the north to the south become progressively 


1 


more sandstone, and should, the writer thinks, be included in the 
Comanche or Lower Cretaceous. 

The more precise correlation of the Mesaverde and Mancos be: 
with the Colorado and Montana groups of the Cretaceous ought not t 
be a matter of difficulty. The writer, from his observations in th 
Gallina Mountain region, just east of the San Juan Wasatch beds 
believes that he identified both the Benton and Niobrara from charac 
teristic fossils. It is much to be desired that local geological names 
should be abandoned wherever possible. For instance, the Eagle Ford 
and Austin shales of Texas are positively and precisely correlated wit! 
the Benton and Niobrara of Kansas by their vertebrate fossils, and 
their names should be abandoned 

Che limited outcrops of Tertiary rocks in the Chuska Mountains and 
farther to the southwest are referred with doubt to the Eocene, because 
of the absence of fossils 

Altogether Professor Gregory’s work in these fields will serve as an 
excellent guide to the future explorer. Much remains to be done in the 
more precise correlation of the 
brate paleontologist, at least, are full of encouragement; he has been 


strata; and the prospects for the verte- 


groping hitherto 


S. W. W. 





